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NEW CHEMICALS WITH APPLICATIONS OCT. 78
07625 3-Amino-2-cyclohexen-1-one purum >98%(NT); MP 134-135°

CH,CH2CH;C(NH2):CHQ0 C6H9N0 MW 111.15
Versatile enamine; e.g. for the preparation of quinoline derivatives: F. Zymalkowskl,
J. Rimek, Arch. Pharm. (1961)254, 759 

o

5gsFr. 29.- 
25 g sFr. 120.-

us$ 14.50 
us$ 60.00

IIa HCSCCHO, DMF
20«

NH2

%
57%

16910 2-Bromo-1,4-dimethoxy-benzene purum BPO380°; n20° 1.5712 11t-1.05kg 5mlsFr. 34.
BrC6H3(OCH3) 2 C8H9Br02 MW217.08 25 ml sFr. 145.-
An "Umpolung" reagent for quiñones: M.J. Manning, P.W. Reynolds, J.S. Swenton,

us$17.00
us$72.50

36610 Diethyl 2,3-dicyano-2-butenedioate purum MP 116-117°
C2H5OCOC(CN):C(CN)COOC2H6 C,„HioN20 4 MW 222.20
A versatile electrophilic olefin: Z. Rappoport, D. Ladkani, J.Chem.Soc. Perkin I (1974) 
2595 o Etooc cn o

COOC2 H5  JL EtOOCv
90%

10 g sFr. 22. 
50 g sFr. 90.

\

c2 h5 ooc'/
/

N CN • OvEtOH, 25°
24 hrs.

H2N

us$ 1 1 . 0 0  

us$ 45.00

40697 3,4-Dimethyl-5-(2-hydroxyethyl)thiazolium iodide purum>98%(l); MP 87-88° 
C(CH3):C(CH2CH2OH)SCH:l\ICH3(l) C;H,2INOS MW 285.10
Catalyst for the addition of aromatic and heterocyclic aldehydes to or,|3-unsaturated 
ketones (e.g. divinylketone, dibenzylideneacetone, difurfurylideneacetone). Syntheses 
of tri- and polyketones: H. Steuer, W. Basse, H. Kuhlmann, A. Landscheidt, W. Schlen
ker, Chem. Ber. (1977) 110, 1007; preparation of unsymmetrical acyloins and a-di- 
ketones: H. Steuer, G. Dämbkes, Synthesis (1977)403

55%

10 g sFr. 15. 
50gsFr. 63.

CHO
0

v » ; thiazolium salt. N3 , DMF 
65®íl5¡hrs.

us$ 7.50 
us$ 31.50

03920 Ethylene sulfite purum >98%(GLC); BP2071-72° (Glycol sulfite) 1 It ~ 1.43 kg
QCH2CH20$0 C2H,03S MW 108.12
Versatile intermediate; reagent for the hydroxyethylation of phenols and carboxylic 
acids: W.W. Carlsson, L. H. Cretcher, J. Am. Chem.Soc. (1947) 69, 1952

IQOmlsFr. 18. 
500 ml sFr. 75.

us$ 9.00 
us$ 37.50

r ° \ - nrY" och2 ch2oh
98%” uu

67830 2-Methylthio-2-thiazoline purum m97%(GLC); n2Q° 1.5925 1 It = 1.23 kg 10 ml sFr. 15. 4 us$ 7.50

ch3s

-BuLi.THF

ÇH2CH2SC(SCH3):N C„H7NS2 MW 133.24
Reagent for the iodométhylation of alkyl halides: K. Hirai, Y. Kishida, Tetrahedron Lett. 
(1972) 2743; Org. Synth. (1976) 56, 77; L. Fieser, M. Fieser, "Reagents for Organic 
Synthesis", 5, 459, John Wiley and Sons, Inc:

/ SV -  s cCH2 // \  C6 H5 CH2 CI,THE Y  ch3 i. omf.n2

y . ......n' )  -  55J to 0» N" \  75«. 2 hrs. "*
' 80%

50 ml sFr. 63.

CH2 CH2l

us$31.50

90275 1-Triacontanol purum MP 86-87°
CH9(CH2)29OH CsoHejO MW 438.80
A new naturally occuring plant growth regulator: S.K. Ries et al., Science (1977) 195, 
1339, and ref. cited therein

lOOmgsFr. 18. 
1 gsFr. 145.

us$ 9.00 
us$ 72.50

23259 2,2,2-Trichloro-tert-butylchloroformate, TCBOC puriss. >99%(CI); MP 32-34° 10gsFr. 22.— us$ 11.00
CICOOC(CH3)2CCI3 CsH6CI40 2 MW 239.91 ;  50gsFr. 90.- us$ 45.00
For the introduction of the TCBOC-amino-prof-scbc» vynieh is„* stable "icevards basic and 
acidic conditions but cleaved by "super-nucleophiss"' 0 i^^r?c;ín.acét¡C add: H. Eckert,
M. List! and I. Ugi, Angew. Chem. (1978) 90, 388

Tridom  C h em ica l In c., 255 O ser A ven u e, H auppauge.lM ew  YOrk 11787, T eleph on e (516) 273-0110, Telex 96-7807
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Concerning prices outside o f N orth Am erica and Switzerland, please contact our local agent; fo r G erm any
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New.. .for the Organic Chemist
C H E M IS T R Y  O F  1 ,2 ,3 -T R IA Z IN E S  A N D
1 ,2 ,4 -T R IA Z IN E S , T E T R A Z IN E S , A N D  
P E N T A Z IN E S
H e te r o c y c lic  C o m p o u n d s  Vol. 3 3
Hans Neunhoeffer & Paul P Wiley
Presents a complete survey of the literature on the chemistry of these 
topics up to 1974. This volume includes all known compounds (as well 
as their physical properties), methods for synthesis, reactions, and 
uses of the different heterocyclic systems. The book's arrangement of 
material allows for simple checking of known and unknown 
compounds.
1.184 pp. (1-03129-1) 1978 $92.50

R E A C T IV E  IN T E R M E D IA T E S
A Seria l P u b lica tion , Vol. 1
Edited by Maitland Jones, Jr., & Robert A. Moss 
A concise, critical, and current treatment of recent (1974-76) develop
ments in the chemistry of each of the principal reactive organic interme
diates. Each chapter presents a critical, selective, detailed review of the 
most interesting recent advances written by currently involved experts, 
propelling readers to the frontier of today's research, 
approx. 368 pp. (1-01874-0) Sept. 1978 $24.95

IN F R A R E D  A N D  R A M A N  S P E C T R A  O F  IN O R G A N IC  
A N D  C O O R D IN A T IO N  C O M P O U N D S , 3 r d  E d .
Kazuo Nakamoto
This new third edition describes fundamental theories of vibrational 
spectroscopy in condensed form, using typical examples for illustrating 
their applications to inorganic, coordination, and organometalllc com
pounds. Extensively revised, it Incorporates the most recent research 
results and discusses the application of laser-Raman spectroscopy and 
matrix isolation spectroscopy to inorganic chemistry.
448 pp. (1-62979-0) 1978 $24.50

M E G A W A T T  IN F R A R E D  L A S E R  C H E M IS T R Y
Ernest Grunwald, David E Dever, & Philip M. Keehn 
An introduction and reference to this rapidly developing field. Describes 
and explains all aspects of infrared laser chemistry—absorption of infra
red radiation from laser sources; energy-flow patterns within the absorb
ing molecules; and the economics, controllability, and scope of laser- 
induced reactions.
approx. 107 pp. (1-03074-0) 1978 $15.00

TH E C H E M IS T R Y  O F  T H E C A R B O N -C A R B O N  
T R IP L E  B O N D , P a r t s  1 & 2
Edited by Saul Patai
These volumes cover all aspects of the chemistry of the carbon-carbon 
triple bond. Emphasis is on this functional group and on the effects that 
it exerts on the chemical and physical properties and behavior of the 
whole molecule.
Part 1:536 pp. (1-99497-9) Oct. 1978 $81.00
Part 2: 560 pp. (1-99498-7) Oct. 1978 $81.00
Two-Part Set: (1-99496-0) $162.00

IMINIUM S A L T S  IN O R G A N IC  C H E M IS T R Y , P a r t  2
Edited by H. Bohme & H.G. Viehe
PARTIAL CONTENTS: The Way to Carboxamide Salt Chemistry, H. 
Bredereck. Adducts from Acid Amides and Acylation Reagents, W. 
Kantlehner Amide Halides. W. Kantlehner. Chlorodialkylaminomethylen- 
imlnium Salts-Chloroforrramidinium Salts, W. Kantlehner. 
approx. 688 pp. (1-90693-X) Nov. 1978 $30.95 (tent.)

TH E B IO S Y N T H E S IS  O F  A R O M A T IC  C O M P O U N D S
Ulrich Weiss & J. Michael Edwards
A comprehensive review of the chemical processes and substances 
involved In the formation of benzenoid rings by living organisms. Empha
sizes the chemical nature of low molecular compounds that form the 
substrates of the biosynthetic processes, rather than the enzymatic 
catalysts that usually promote these reactions, 
approx. 624 pp. (1-92690-6) Oct. 1978 $29.50

Prices subject to change without notice.

O R G A N IC  S Y N T H E S E S , V 0 I . S 8
Edited by William A. Sheppard
Contains 30 checked procedures emphasizing organofluorine and 
heterocyclic chemistry, grouped on the basis of potential synthetic 
utility. Incorporates a number of procedures describing preparation of 
heteroatom functionalities and organometallic reagents and 
complexes.
approx. 224 pp. (1-04739-2) Dec. 1978 $12.50 (tent.)

T O P IC S  IN S T E R E O C H E M IS T R Y , V o l .  1 0
Edited by Ernest L. Eliel & Norman L. Alllnger 
The latest volume in the series featuring in-depth articles by prominent 
authorities in the rapidly-changing field of stereochemistry. The four 
chapters include: Conformations of Five-Membered Rings (Benzion 
Fuchs), Absolute Stereochemistry of Chelate Complexes (Yoshihiko 
Saito), New Approaches in Asymmetric Synthesis (H. B. Kagan & J. C. 
Fiaud), and Chiral Lanthanide Shift Reagents (Glenn R. Sullivan), 
approx. 368 pp. (1-04344-3) Oct. 1978 $39.50

C A T A L Y T IC  H Y D R O G E N A T IO N  IN O R G A N IC  
S Y N T H E S IS
P r o c e d u r e s  an d  C om m en ta ry
Morris Freifelder
One of the most respected experts in the field provides detailed 
descriptions of hydrogenation experiments he performed or directly 
supervised during his 22 years as hydrogenation specialist at Abbott 
Laboratories.
200 pp. (1-02945-9) Sept. 1978 $18.50

TH E C H E M IS T R Y  O F  A N T IT U M O R  A N T IB IO T IC S , 
V o l .  I
William A. Remers
The first book to deal with a number of antitumor antibiotics in a 
comprehensive way. Considers all aspects of their chemistry and bio
chemistry and much of their biology. Emphasizes the intellectual out
lines of research in the subject. Illustrates discovery of these agents 
and their development into clinically useful anticancer drugs, 
approx. 320 pp. (1-01791-4) Dec. 1978 $29.00 (tent.)

IN O R G A N IC  S Y N T H E S E S , V o l .  1 9
Edited by D. E Shriver
This volume provides detailed, tested synthetic procedures for inor
ganic and organometallic compounds of current research interest. 
Each synthesis has been checked independently in a laboratory. 
Includes chapters on metal atom syntheses, organometallics, electri
cally conducting solids, main group compounds, and coordination 
compounds.
approx. 304 pp. (1-04542-X) Nov. 1978 $25.00

P R O G R E S S  IN M A C R O C Y C L IC  C H E M IS T R Y , V o l .1
Edited by Reed M. Izatt & James J. Christensen 
This book and series contain in depth discussions In the currently 
important area of macrocycllc research. Includes material on the new, 
fast-growing subject of chemistry of synthetic cyclic organic com
pounds (synthetic multidentate macrocyclic compounds). Discusses 
the physical and chemical properties of the molecules and their uses, 
approx. 220 pp. (1-03477-0) Dec. 1978 $25.00 (tent.)

R E A G E N T S  F O R  O R G A N IC  S Y N T H E S IS , V o l . 6
Mary Fieser & the late Louis F Fieser
Sixth and latest volume in this popular series covers literature from 
August 1974 through December 1975. Includes references to about 800 
reagents, half of them Included In this series for the first time. Focus is on 
those that open new vistas in organic synthesis.
765 pp. (1-25873-3) 1977 $29.50
6 Vol. Set (1-03316-2) $160.00
Available at your bookstore or write to Nat Bodian, Dept. 092-3367

W ile y  In te r s c ie n c e
a division of John Wiley & Sons, Inc.
605 Third Avenue, New York, NY 10016 
In Canada: 22 Worcester Road, Rexdale, Ontario

092 A 3367-56
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N I T R O E T H A N Ecti-cn-m2
A  C H E M I C A L  F O R  A L L  R E A S O N S

A s  a  s y n t h e t i c  t o o l
• In trod uces  an e lectron - 

w ith d ra w in g  g roup .
• A ctive hyd rog ens  on carbon 

c a rry in g  n itro  g ro u p  rea d ily  add 
to a ldehydes to fo rm  n itro  
a lcoho ls .

• Esters o f  n itro  a lco h o ls  easily 
p repared.

• The n itro  a lcoh o ls  can be 
reduced  to a m in o  a lcoho ls .

• The a -ca rbon  can be su b s titu te d  
w ith  ha logen .

• S ta rtin g  p o in t fo r pestic ides o r 
ph a rm a ceu tica l specia lties.

S p e c i a l  s o l v e n t  

a p p l i c a t i o n s
• Excellent ex trac tio n  m e d iu m .
• For F riede l-C ra fts  synthesis .
• Fuel add itive .
• In p ro p e lla n t research.
• S pecia lty  cyanoacry la te  so lven t.
• In te s tin g  p r in ta b ility  o f  p las tic  

sheet.
N itroe thane is c o m m e rc ia lly  
ava ilab le . For techn ica l da ta  a n d /o r 
a sam p le , w rite  on yo u r le tte rhead  
to: NP D iv is ion , 6 6 6  G arland Place, 
Des Plaines, IL 60016.

W o o d

T e c h n o l o g y :  

C h e m i c a l  A s p e c t s
ACS Symposium Series No. 43
Irving S. Goldstein, E dito r 
N orth  C a ro lina  State U n ive rs ity

A  sym posium  sponsored by  the  
C ellu lose, Paper and  Textile  D iv is io n  
o f the A m erican  C h e m ica l Society.

With public attention currently 
focused on energy conservation and 
the reduction of U.S. dependence on 
fo re ign  energy and materials sources, 
this new volume is both a timely and 
relevant treatment of the chemical 
aspects of solid wood—our most 
abundant renewable resource.
Twenty-three chapters—stressing the 
latest innovations in the 
field—constitute a useful reference 
tool for forestry students, chemists and 
engineers in forest products 
industries, and chemical suppliers of 
adhesives, finishes, and preservatives.

CONTENTS
Wood: Structure and Chemical Composition • 
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Diaminomaleonitrile undergoes a rapid Ni(II)-catalyzed or a much slower uncatalyzed decomposition to yield 2 
equiv of cyanide. This is not an equilibration between diaminomaleonitrile and the dimer and trimer of HCN as 
shown by the absence of incorporation of H13CN when incubated with diaminomaleonitrile. The formation of urea 
and oxalic acid is enhanced and the steady-state concentration of diaminomaleonitrile is decreased when the oli
gomerization of HCN is performed in the presence of oxygen as compared to a pure nitrogen atmosphere. Small but 
significant yields of oxalic acid and urea were observed when oxygen was eliminated from the reaction solution. An 
oligomerization pathway is proposed which is consistent with these data. These findings are not consistent with the
proposal that HCN condenses to heteropolypeptides via

Hydrogen cyanide oligomers are believed to have had a 
significant role in the prebiotic synthesis of purines, pyrimi
dines, and amino acids.1’3 HCN condenses in a stepwise 
fashion to the dimer 1, trimer 2, and tetramer 3. It was pos-

2HCN H N =CH CN  NH.CH(CN);,
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H2N CN HN. ,CN

h 2n / /  Ns c n  h n ^  n cn

3 4
tulated that one or more of these simple HCN derivatives 
condenses further to yield HCN oligomers, a complex mixture 
of substances with a molecular weight of 500-1000. Purines, 
pyrimidines, and amino acids are released on hydrolysis of 
these oligomers. The oligomerization reaction is dependent 
only on the pH of the reaction mixture and is independent of 
added nucleophile.4 Urea and oxalic acid are also products of 
the oligomerization reaction. An investigation of the mecha
nism of formation of the oligomers was undertaken because 
these substances may have had a central role in the formation 
of biomolecules on the primitive earth.

Results and Discussion
The Proposed Equilibrium between Diaminomaleo

nitrile (3) and Aminomalononitrile (2). We proposed pre
viously that the monomer, dimer (1), trimer (2), and tetramer 
(3) of HCN readily equilibrate in aqueous solution.4 The 
formation of a precipitate of AgCN when Ag+ is added to an 
aqueous solution of 3 provided support for this hypothesis.5 
The observation that diaminomaleonitrile releases cyanide
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rapidly when treated with Ni2+ in NH4OH solution, a method 
for the determination of cyanide ion, prompted a reinvesti
gation of the equilibrium proposed between 1, 2, and 3. The 
catalyzed decomposition of diaminomaleonitrile requires the 
presence of both Ni2+ and NH3 if it is to proceed at a rapid 
rate. Approximately 2 equiv of cyanide are released per mole 
of diaminomaleonitrile. If diaminomaleonitrile is in equilib
rium with HCN, 4 equiv of cyanide would be detected as the 
Ni(CN)42_ complex. The same yield of cyanide is obtained 
when the hydrolysis proceeds 4 X 10-3 times slower in the 
absence of Ni2+. The similar yields of HCN in the catalyzed 
and uncatalyzed reactions suggest that overall decomposition 
pathways are the same in both reactions.

The mechanisms of both the Ni2+-catalyzed and -uncata- 
lyzed decomposition of diaminomaleonitrile are unclear. 
Hydrolysis of 3 yields either the monoamide of the amino
malononitrile (5) and 1 equiv of cyanide or aminoacetonitrile 
(7) and the monoamide of cyanogen (8). The monoamide of 
cyanogen may cleave as does cyanogen to yield 1 equiv of cy
anide; however, it appears unlikely that a second equivalent 
of cyanide will be formed by either reaction pathway. The 
monoamide of aminomalonitrile is known to hydrolyze to the 
diamide 6, and it does not eliminate cyanide.6 Further work 
is required to determine the pathway for the decomposition 
of 3; however, it is not the stepwise dissociation of 3 to give 4 
equiv of HCN. The isotope exchange studies given below 
eliminate the possibility of the dissociation of 3 to 1 and 2 
equiv of HCN.

The proposed equilibrium between cyanide and the dimer, 
trimer, and tetramer was investigated further by isotope ex
change, a technique which has the advantage that the position 
of the equilibrium is not perturbed as it is by metal ions such 
as Ag+ and Ni2+, which form essentially nondissociating cy
anide complexes. None of the added 13CN_ will condense to

© 1978 American Chemical Society 3989



3990 J. Org. Chem., Vol. 43, No. 21,1978 Ferris and Edelson

Table I. Reaction of Diaminomaleonitrile and Potassium [13C]Cyanide at pH 7-8
reaction time, 

days
yield of 

product, mg
number
of scans

area ratio 
(peak 2/peak l ) c

mean ratio ± 
standard deviation

0“ 4 000 0.3418 0.3129 ±  0.0743
0.3967
0.2909
0.2223

0.17 246 4 000 0.2417 0.3425 ± 0.0968
0.3510
0.4347

1.0 230 4 000 0.4223 0.3205 ±  0.0709
0.3251
0.2338
0.3007

4.0 210 6 000 0.3500 0.2857 ± 0.0511
7 000 0.2329
8 000 0.2594
8 000 0.3006

10.0 173.2 10 000 0.3478 0.3666 ± 0.0702
10 000 0.4426
10 000 0.2788
20 000 0.3973

31.0 53.4 20 000 0.7861b
aControl solution: 250 mg of diaminomaleonitrile in 2 mL of dimethyl-d6 sulfoxide. '’After 31 days, the concentration of diamino- 

maleonitrile was too low to obtain reliable data. With 20 000 scans, the signal/noise ratio was less than 2. cMean shifts: peak 1,117.80 
ppm; peak 2,106.90 ppm.
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form [13C] diaminomaleonitrile if the 13CN~ concentration is 
less than 0.01 M.6 The exchange of 13CN-  with diamino
maleonitrile was monitored by 13C NMR. Diaminomaleoni
trile exhibits two peaks at 106.49 and 117.71 ppm when its 13C 
NMR spectrum is determined in dimethyl sulfoxide solution. 
If the proposed equilibrium between the trimer and tetramer 
exists, then the addition of 13CN_ to an aqueous solution of 
diaminomaleonitrile should result in an increase in the relative 
intensity of the 13C NMR signal at 117.71 ppm due to the ni
trile carbons of diaminomaleonitrile.7’8 If the equilibrium 
resulted in appreciable concentrations of the dimer and tri
mer, then a proportional increase in intensity would be ex
pected in both the nitrile and olefin 13C NMR signals.

When the cyanide exchange experiment was performed in 
aqueous solution at pH 7 and 9.2 using <0.004 M 13CN~, no 
13CN~ incorporation was observed over a 1- and 3-day time 
period, respectively, as evidenced by the lack of change of the 
nitrile/olefin intensity ratios (Tables I and II). These data 
demonstrate that the equilibrium for the formation of diam
inomaleonitrile from aminomalononitrile is so strongly shifted 
to the side of tetramer in aqueous solution that it is essentially 
irreversible; i.e., the rate of the reverse reaction (fe_3) is very 
small compared to the rate of the forward reaction (k^). This 
conclusion is consistent with the observation that amino
malononitrile (2) reacts rapidly with HCN to yield diamino
maleonitrile.9 It was estimated that there is a steady-state 
concentration of 10~5-10-6 M aminomalononitrile in the 
presence of 1 M cyanide.6-9 One might argue that significant 
amounts of 1 might be present if it were as stable as 3. But 
several lines of evidence suggest that &2 is much greater than 
k - 2 - The equilibrium constant for the dissociation of glyco- 
nitrile (9) to formaldehyde and HCN has been measured, and

H

I / H
H— C— OH ^  0 = C  +  HCN

I
CN
9

CN

1
H— C— NH, H N = C  +  HCN

I feî TN
CN

2 1

it is far on the side of the glyconitrile as shown by the equi
librium constant of 2.1 X 10~6 at 25 °C.10 This reaction is 
analogous to the dissociation of aminomalononitrile to imi- 
noacetonitrile; the two reactions would be expected to have 
similar equilibrium constants. Furthermore, the facile con
version of N-substituted iminoacetonitrile derivatives to 
N-substituted derivatives of diaminomaleonitrile, a reaction 
which presumably takes place via the aminomalononitrile 
derivative, provides added support for kz being greater than
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Table II. Reaction of Diaminomaleonitrile and Potassium [13C]Cyanide at pH 9.2
reaction time, 

days
yield of production, 

mg/mL
number
of scans

area ratio 
(peak 2/peak l ) c

mean ratio ± 
standard deviation

0“ 1 500 0.2907 0.3787 ± 0.0717
2 000 0.4530
3 000 0.3800
4 000 0.3250
5 000 0.4450

0.5 0.9662 5 000 0.2541 0.3711 ±  0.0701
7 000 0.4415
7 500 0.3974
8 000 0.3750

20 000 0.3878
3.0 0.3900 15 000 0.3423 0.3578 ± 0.0718

15 280 0.4472
18 000 0.3983
25 730 0.3465
50 000 0.2547

10.05 0.0306

“Control solution: 400 mg of diaminomaleonitrile in 2 mL of dimethyl-dg sulfoxide. 6The concentration of diaminomaleonitrile 
was insufficient to obtain a spectrum. cMean shifts: peak 1,117.80 ppm; peak 2,106.90 ppm.

Table III. 13C NMR Study of the Reaction of 
Diaminomaleonitrile and Potassium [13C]Cyanide in 

________________Dimethyl Sulfoxide_______________
reaction

complete exchange. At the same time, the 13CN~ signal at 158 
ppm decreased in intensity. The equilibrium between 2 and 
3 may be shifted toward 2 in this solvent. On the other hand, 
these findings may reflect the greater nucleophilicity of cya-

time, relative peak area area ratio
days peak l g peak2t peak 3g (peak 1/peak 2) ^CN

0d 1.18 2.30 0.512 IIr + h“ cn0.67e 4.94 4.25 14.26 1.162
1.83e’1' 7.33 4.71 9.22 1.554 NR, 'X CN2.67e'f 6.40 3.35 5.70 1.910
3.67e'f 7.34 4.19 6.07 1.749 H

H A  | CN 
XT 
|

10.0 2.56 1.23 7.60 2.151
“Average shift, 117.20 ppm. b Average shift, 106.50 ppm.c Av

erage shift, 158.20 ppm (CN- ). dControl solution: 500 mg of di- 1c
aminomaleonitrile in 2 mL of dimethyl-dg sulfoxide. eAdditionai Hn  \ \ 'N

1:’CNsmall peak at 145.50-145.79 ppm. fAdditional small peak at
161.75-161.90 ppm.

NR. CN
\ r

|| +  HCN

N R  "CN

(1)

fc_2.u >12 Finally, molecular orbital calculations predict that 
iminoacetonitrile should be more susceptible to a nucleophilic 
attack than either aminomalononitrile or diaminomaleoni
trile.13 Since we have shown that k3 is much greater than k - 3 , 
it follows from these calculations, as well as from the experi
mental observations cited above, that A’2 is much greater than
k -  2.

We conclude from this study that the steady-state con
centration of the dimer and trimer o f hydrogen cyanide is 
exceedingly low in dilute aqueous solution. This conclusion 
is supported by the reported inability to isolate the dimer or 
trimer from an oligomerizing hydrogen cyanide solution.6 
Diaminomaleonitrile is the predominant species present when 
cyanide is added to either the dimer or trimer. Consequently, 
the formation of the HCN oligomers must be via the reaction 
of diaminomaleonitrile with HCN or less likely by the con
densation of two or more diaminomaleonitrile moieties and 
not via reactions involving the dimer or trimer. This conclu
sion is supported by the observation that the products released 
on hydrolysis of HCN oligomers appear to be formed by the 
condensation of diaminomaleonitrile or its trans isomer with 
cyanide.1-3

We did observe exchange of 13CN~ with diaminomaleoni
trile in dimethyl sulfoxide solution (Table III). The signal at 
117 ppm intensified 2-fold after 16 h and 3-4-fold after 30 days 
relative to the signal at 106 ppm. This change in peak inten
sities corresponds to an extent of exchange which is 67% of

nide in dimethyl sulfoxide.14’15 The exchange may proceed via 
the Michael addition-elimination pathway shown in eq 1 
rather than by the dissociation of diaminomaleonitrile.

The Effect of Oxygen on the Oligomerization of HCN. 
It was reported by Volker16 that oxygen has no effect on the 
oligomerization of hydrogen cyanide. The observation that 
diaminomaleonitrile is readily air-oxidized17 prompted a 
reinvestigation of the oligomerization reaction in the absence 
of oxygen. It was essential to determine if the cyanide oli
gomerization proceeds in the absence of oxygen because it is 
generally agreed that there was little or no molecular oxygen 
on the primitive earth.18

The effect of molecular oxygen was investigated by com
paring the loss of cyanide, the formation of urea, and the 
formation of diaminomaleonitrile in the following 0.1 M cy
anide solutions: (1) no precautions were taken to remove air 
from the solution; (2) the solution was degassed by a freeze- 
pump-thaw procedure followed by the addition of sufficient 
nitrogen to give atmospheric pressure in the reaction vessel;
(3) the solution was purged with molecular oxygen. The oli
gomerization reactions were periodically sampled and ana
lyzed over a 6-month period.

The yield of urea was found to be significantly greater in the 
oxygenated solutions (Figure 1). This is attributed to the ox
idation of diaminomaleonitrile to diiminosuccinonitrile (4), 
a compound which is rapidly hydrolyzed to urea by dilute 
NH4OH.17 The observation that the amounts of diamino
maleonitrile are significantly less in the presence of molecular 
oxygen (Figure 2) is consistent with the above result. The
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Figure 1 .  E f f e c t  o f  o x y g e n  o n  u r e a  f o r m a t io n  in  H C N  o l ig o m e r iz a t io n  

s o l u t i o n s :  s o l u t i o n  1  ( c o n t r o l ) ,  - A - ;  s o l u t i o n  2  ( d e g a s s e d ) ,  s o 

l u t i o n  3  ( o x y g e n a t e d ) ,

4 -  V \

2 -

_____ 1______I______I______|______1______I t______1______!---------- 1—
20 40 60. 80 100 120 140 160 180 200

Elapsed Time (days)

Figure 3 .  E f f e c t  o f  o x y g e n  o n  c y a n i d e  c o n c e n t r a t i o n  in  H C N  o li  

g o m e r i z a t i o n  s o l u t i o n s :  s o l u t i o n  1  ( c o n t r o l ) ,  - A - ;  s o l u t i o n  2  ( d e 

g a s s e d ) ,  s o l u t i o n  3  ( o x y g e n a t e d ) ,

4.0 - 
[DAMN],
M x 1 O'*

Elapsed Time (days)

Figure 2 .  E f f e c t  o f  o x y g e n  o n  d i a m i n o m a l e o n i t r i l e  c o n c e n t r a t i o n  in  

H C N  o l i g o m e r i z a t i o n  s o l u t i o n s :  s o l u t i o n  1  ( c o n t r o l ) ,  - A - ;  s o l u t i o n  

2  ( d e g a s s e d ) ,  s o l u t i o n  3  ( o x y g e n a t e d ) ,

principal effect of molecular oxygen is apparently the oxida
tion of diaminomaleonitrile since the rate of oligomerization 
of HCN, as monitored by the loss of cyanide, was not signifi
cantly different in the absence or presence of oxygen in the 
early stages of the reaction (Figure 3). The previously reported 
difference in rate may reflect the differences observed here 
near the end of the oligomerization . 17

I t  is significant that urea is formed in the absence of oxygen. 
This result demonstrates that oxidation reactions are a normal 
part of the oligomerization reactions in the absence of oxygen. 
Consistent w ith this conclusion is the detection in the HCN 
oligomer hydrolysate of the amino acids glycine, diami- 
nosuccinic acid, aspartic acid, and alanine. A reduction step 
is required to account for the formation of alanine, diami- 
nosuccinic acid, or aspartic acid from HCN or HCN oligomers 
such as diaminomaleonitrile . 1 -19  The urea may be formed by 
the oxidation of 3 to 4 by other HCN oligomers. Hydrolysis 
of 4 yields urea while the hydrolysis of the reduced oligomers 
yields amino acids. We cannot eliminate the possibility that 
urea is formed from cyanogen, which is produced by the oxi
dation of cyanide with aminomalononitrile,4 but we think that 
the oxidation of 3 to 4 has more literature precedent. 17

The ultraviolet spectra of the oligomerization mixtures 
formed in the absence of oxygen are much simpler than the 
spectra of those oligomers formed w ith molecular oxygen 
present (Figure 4). This suggests that the presence of oxygen 
may result in the oxidation of the oligomers or their precur
sors. This is probably a partial oxidation since the general

Figure 4 . U l t r a v i o l e t  s p e c t r a  o f  t h e  H C N  o l i g o m e r i z a t i o n  m i x t u r e  

a f t e r  8 3  d a y s :  ( 1 )  s o l u t i o n  1  ( c o n t r o l ) ;  ( 2 )  s o l u t i o n  2  ( d e g a s s e d ) ;  ( 3 )  

s o l u t i o n  3  ( o x y g e n a t e d ) .  S a m p l e s  w e r e  d i l u t e d  5 X  f r o m  o r i g i n a l  

c o n c e n t r a t i o n s .

shape of the UV curves is the same; only the intensity of the 
absorption differs.

Oxalic acid is formed in large amounts during the oligom
erization of HCN in the presence of oxygen. 1 7 ’20 Since the 
conversion of hydrogen cyanide to oxalic acid requires an 
oxidative reaction, the role of oxygen in this oxidation was 
investigated by measuring the yield of oxalic acid released by 
hydrolysis of HCN oligomers which had been prepared in the 
absence of molecular oxygen. 1 The yield of oxalic acid formed 
by acid hydrolysis was 8.1 mg/L (3% of the HCN oligomer) 
from the oligomers prepared in a nitrogen atmosphere and 85 
mg/L from the oligomers prepared in the presence of molec
ular oxygen. This dramatic increase in yield demonstrates that 
molecular oxygen is directly involved in the oxidation of HCN 
oligomers or a precursor to them. Since it  is known that di- 
iminosuccinonitrile (4) yields oxalic acid on hydrolysis ,2 1  

compound 4 is the most likely source of free oxalic acid in the 
oligomerization mixture. The oxalic acid released on hydrol
ysis is probably formed from 4, or related structures at the 
same oxidation state, which became incorporated into the 
HCN oligomers. The previously discussed differences ob
served in the ultraviolet spectra of the oligomerization m ix
tures formed in the presence and absence of oxygen probably 
reflect a greater percentage of incorporation of these more 
highly oxidized units when oxygen is present.

The hydrolytic release of oxalic acid from oligomers pre
pared in a nitrogen atmosphere is further evidence that redox 
reactions are taking place in the HCN oligomerization reac
tion. Both the formation of urea and oxalic acid probably
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proceed by the oxidation of diaminomaleonitrile (3) to diim- 
inosuccinonitrile (4), which in turn either undergoes hydrol
ysis to oxalic acid and urea or is incorporated into the HCN 
oligomers (Scheme I). Of particular interest is the absence of 
urea on hydrolysis of the HCN oligomers, although it  is found 
in the oligomerization mixture. Ammonia is required for the 
formation of urea from 4 or its derivatives. 17  Ammonia is 
present in the oligomerization mixture, but none is used for 
the hydrolysis of the HCN oligomers. The absence of urea as 
a hydrolysis product is consistent with the proposed oxidative 
formation of 4 in the HCN oligomerization. After compound 
4 is formed, it either reacts with water or NH 3 to yield simpler 
hydrolytic products or w ith other organic compounds to yield 
HCN oligomers.

C o n c lu s io n s

The chemical transformations which may take place during 
HCN oligomerization are summarized in Scheme I. HCN 
undergoes a rapid, essentially irreversible, condensation to 
diaminomaleonitrile, which in turn condenses with additional 
HCN or possibly other diaminomaleonitrile units to give HCN 
oligomers. Redox reactions take place during the oligomeri
zation to yield reduced HCN oligomers and diiminosucci- 
nonitrile. The diiminosuccinonitrile either hydrolyzes to urea 
and oxalic acid or reacts w ith diaminomaleonitrile22 or HCN 
oligomers to give oxidized HCN oligomers. Although the ox
idized and reduced HCN oliglomers are shown as separate 
entities in Scheme I, there is no reason to exclude the possi
b ility that there w ill be both oxidized and reduced units in the 
same molecule. Diiminosuccinonitrile and the oxidized HCN 
oligomers may also be formed by oxidation w ith molecular 
oxygen.

The amino acids, w ith the exception of glycine, must be 
formed by the hydrolyses of reduced oligomers. Glycine may 
be formed by the hydrolytic cleavage of diaminomaleonitrile6 

or by the hydrolysis of the HCN oligomers. Reduction reac
tions are not required for the formation of purines or pyri
midines since many of them are at the same oxidation state 
as HCN. Oxidation by molecular oxygen would be expected

to decrease the yields of purines, pyrimidines, and amino acids 
since they are either at the same oxidation level or at a more 
reduced state than HCN.

Our findings on the mechanism of HCN oligomerization are 
not consistent w ith Matthew’s proposal that azacyclopro- 
penylidene imine, a dimer of HCN, is the monomer unit which 
condenses to give the HCN oligomers.2 3 -24 First, i t  seems un
likely that azacyclopropenylidene imine is formed from HCN 
since recent calculations suggest that the iminoacetonitrile 
structure is considerably lower in energy.25 Furthermore, there 
must only be a low steady-state concentration of the HCN 
dimer produced since a dimer has never been detected in the 
presence of HCN. Such a dimer, be i t  iminoacetonitrile or 
azacyclopropenylidene imine, w ill undergo nucleophilic ad
dition reactions with the large excess of cyanide that is present 
much more rapidly than i t  w ill undergo self-condensation 
reactions. The addition of cyanide to N-alkyl derivatives of 
iminoacetonitrile, yielding N-substituted diaminomaleonitrile 
derivatives, has been shown to proceed more rapidly than the 
oligomerization of N-alkylim inoacetonitriles . 1 1

A modified version of Matthew’s proposed mechanisms,23 

the dissociation of diaminomaleonitrile to a dimeric species 
which undergoes polymerization, was also ruled out in the 
present study. In this proposal diaminomaleonitrile would be 
the thermodynamically stable oligomer, but there would still 
be sufficient amounts of dimer and trimer in equilibrium with 
i t  to permit the polymerization of a portion of the. dimer, the 
remainder being reconverted to diaminomaleonitrile in the 
equilibration process. The lack of incorporation of H 13CN in 
diaminomaleonitrile demonstrates the absence of the equi
librium  and eliminates this possibility.

Diaminomaleonitrile, and not the HCN dimer, must be the 
direct precursor to the HCN oligomers. This work establishes 
that the formation of diaminomaleonitrile from the HCN 
dimer and trimer is essentially irreversible. Support for this 
conclusion is the observation that the structures of the hy
drolysis products of the HCN oligomers, glycine, diami- 
nosuccinic acid, aspartic acid, 4,5-dihydroxypyrimidine, and 
oxalic acid, are readily understood i f  i t  is assumed that they 
are derived from diaminomaleonitrile structural units in the 
HCN oligomers. 1 -3
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Table IV. Reaction of Diaminomaleonitrile with Ni(II)
and NH4OH°

r e a c t i o n  t i m e ,  

m i n

a b s o r b a n c e  X  1 0 0  

( c o r r e c t e d 6 )

0 1 2 9

1 . 7 0 1 0 4 . 4

3 . 1 5 8 9 . 1

4 . 3 3 7 6 .8

5 . 6 3 6 5 .6

7 . 8 7 5 1 . 2

1 0 . 1 3 3 9 . 5

1 2 . 8 7 2 9 . 7 5

1 7 . 3 0 1 8 . 0 0

2 3 . 3 3 9 . 3

4 2 . 1 3 1 . 6

1 2 1 . 2 5 0

OO 0

“ [ D i a m i n o m a l e o n i t r i l e ]  =  1 0 ~ 4 M ,  [ N i C y  =  9  X  1 0 - 4  M ,  a n d  

[ N H 4 O H ]  =  0 . 4 5  M .  6 A b s o r b a n c e  c o r r e c t e d  a s  d i s c u s s e d  in  t h e  

t e x t .

Experimental Section
General Procedures.26 U l t r a v i o l e t  a n d  v i s i b l e  s p e c t r a  w e r e  r e 

c o r d e d  o n  a  U n i c a m  S P 8 0 0 A  s p e c t r o p h o t o m e t e r .  C a r h o n - 1 3  N M R  

s p e c t r a  w e r e  o b t a i n e d  o n  a  B r u k e r  W P - 6 0  s p e c t r o m e t e r .  A n a l y t i c a l  

t h i n - l a y e r  c h r o m a t o g r a p h y  ( T L C )  w a s  p e r f o r m e d  o n  s i l i c a  g e l  p la t e s  

c o n t a in in g  a  f lu o r e s c e n t  in d ic a t o r  ( E a s t m a n  C h r o m a g r a m  n o . 1 3 1 8 1 ) ,  

a n d  t h e  c o m p o u n d s  w e r e  v i s u a l i z e d  u n d e r  U V  l i g h t  o r  w i t h  s p e c i f i c  

c o lo r  t e s t s .  D i a m i n o m a le o n i t r i l e  ( A l d r i c h )  w a s  p u r i f i e d  b y  r e c r y s 

t a l l i z i n g  t h r e e  t i m e s  f r o m  w a r m  ( 6 5  ° C )  w a t e r  u s i n g  a  s m a l l  a m o u n t  

o f  d e c o l o r i z i n g  c h a r c o a l .  C y a n i d e  a n a l y s e s  w e r e  p e r f o r m e d  b y  s i l v e r  

n i t r a t e  t i t r a t i o n , 27  t h e  U V  a b s o r p t i o n  o f  t h e  t e t r a c y a n o n i c k e l a t e ( I I )  

c o m p l e x , 28 a n d  t h e  m e t h o d s  o f  S c h i l t 29  a n d  B a r k  a n d  H i g s o n .30  U r e a  

w a s  a n a l y z e d  b y  t h e  p r o c e d u r e  o f  O r m s b y .3 1  K 13 C N  (9 0 %  1 3 C )  w a s  lo t  

M Z  f r o m  S t o h l e r  I s o t o p e  C h e m i c a l s .

Oligomerization of Hydrogen Cyanide. P u r e  h y d r o g e n  c y a n i d e  

w a s  p r e p a r e d  f r o m  s o d i u m  c y a n id e  u s in g  a  m o d i f i c a t io n  o f  t h e  m e t h o d  

o f  Z i e g le r .26 '3 2  D i l u t e  a q u e o u s  s o lu t io n s  ( 0 . 1  N )  o f  H C N  w e r e  p r e p a r e d  

a n d  a d ju s t e d  t o  p H  9 .2  w i t h  d i lu t e  N H 4O H . T h e  s o lu t io n s  w e r e  s t o r e d  

in  s t o p p e r e d  g l a s s  b o t t l e s  in  t h e  d a r k  f o r  a t  l e a s t  1  y e a r ,  a n d  t h e n  f i l 

t e r e d  a n d  f r a c t i o n a t e d  b y  io n - e x c h a n g e  c h r o m a t o g r a p h y . 26  T h e  t e r m  

H C N  o l i g o m e r  in  t h i s  p a p e r  i s  u s e d  s y n o n o m o u s l y  w i t h  t h e  a c i d  a n d  

a m p h o t e r i c  o l i g o m e r  f r a c t i o n s 1 '26 u n l e s s  o t h e r w i s e  n o t e d .

Hydrolysis of Diaminomaleonitrile with NiCU and NH4OH. 
A  1 0 - 3  M  d i a m i n o m a l e o n i t r i l e  s o l u t i o n  w a s  p r e p a r e d ,  a n d  a  1 - m L  

a l i q u o t  w a s  m i x e d  w i t h  9  m L  o f  f r e s h l y  p r e p a r e d  n i c k e l ( I I )  c h lo r i d e  

( 1 0 - 3  M )  in  0 .5  M  N H 4 O H . 28  T h e  U V  s p e c t r u m  w a s  r e c o r d e d  u s in g  

a  t h e r m o s t a t e d  c e l l  m a i n t a i n e d  a t  2 5  ° C  a n d  a  s o l u t i o n  w i t h  t h e  s a m e  

c o n c e n t r a t i o n s  o f  n i c k e l ( I I )  io n  a n d  a m m o n i a  i n  t h e  r e f e r e n c e  c e l l s .  

T h e  U V  s p e c t r u m  w a s  s c a n n e d  r e p e a t e d l y  u n t i l  t h e  a b s o r b a n c e  a t  2 9 6  

n m  r e m a i n e d  c o n s t a n t .  T h e  t e t r a c y a n o n i c k e l a t e  io n  w h i c h  f o r m e d  

d u r i n g  t h e  r e a c t i o n  a l s o  h a d  s o m e  a b s o r b a n c e  a t  2 9 6  n m . T h e  a b 

s o r b a n c e  o f  t h e  d i a m in o m a le o n i t r i l e  a t  2 9 6  n m  w a s  t h e r e f o r e  c o r r e c t e d  

t o  a c c o u n t  f o r  t h i s  r e s i d u a l  a b s o r b a n c e  d u e  t o  t e t r a c y a n o n i c k e l a t e  

io n . T h e  r e s u l t i n g  d a t a  ( T a b l e  I V )  w e r e  f o u n d  t o  c o n f o r m  t o  a  f i r s t -  

o r d e r  k i n e t i c  p lo t  (k =  0 . 1 1 2  m i n - 1 , t i /2  =  6  m in ) .

Hydrolysis of Diaminomaleonitrile with NH4OH. T h e  U V  

s p e c t r u m  o f  a  1 0 - 4  M  s o l u t i o n  o f  d i a m i n o m a l e o n i t r i l e  in  0 .4 5  M  

NH4OH w a s  m o n i t o r e d  f o r  a  3 - h  p e r i o d  in  a  c e l l  t h e r m o s t a t e d  a t  2 5  

° C .  T h e  h a l f - l i f e  o f  3  w a s  a p p r o x i m a t e l y  1  d a y  ( T a b l e  V ) .

L o n g e r  t e r m  h y d r o l y s e s  a t  p H  9 .2  in  w h ic h  t h e  H C N  c o n c e n t r a t io n  

w a s  f o l l o w e d  b y  t h e  m e t h o d  o f  B a r k  a n d  H i g s o n 30  a n d  t h e  d i a m i n o 

m a l e o n i t r i l e  c o n c e n t r a t io n  w a s  f o l lo w e d  b y  t h e  U V  a b s o r p t i o n  a t  2 9 6  

n m  i n d i c a t e d  t h a t  2  e q u i v  o f  H C N  w e r e  f o r m e d  f o r  e v e r y  e q u i v a l e n t  

o f  d ia m in o m a le o n i t r i l e  w h ic h  w a s  h y d r o ly z e d .  T h e  s a m e  c y a n id e  y ie ld  

w a s  o b s e r v e d  w h e n  t h e  h y d r o l y s e s  w e r e  p e r f o r m e d  in  d i s t i l l e d  
w a t e r .

Hydrolysis of Diaminomaleonitrile with NiCl2. A n  a l i q u o t  (1 
m L )  o f  1 0 - 3  M  d i a m i n o m a l e o n i t r i l e  s o l u t i o n  w a s  m i x e d  w i t h  9  m L  

o f  1 0 - 3  M  N i C U  s o l u t i o n .  T h e  U V  s p e c t r u m  o f  t h e  m i x t u r e  w a s  

m o n i t o r e d  f o r  2 4  h  in  a  c e l l  t h e r m o s t a t e d  a t  2 5  ° C .  N o  c h a n g e  w a s  

o b s e r v e d  in  t h e  a b s o r b a n c e  a t  2 9 6  n m . I n  a  c o n t r o l  e x p e r i m e n t  i t  w a s  

o b s e r v e d ,  f r o m  t h e  a b s o r p t i o n  m a x i m u m  a t  2 6 7  n m ,  t h a t  C N -  r e a c t s  

q u a n t i t a t i v e l y  w i t h  N i C l 2  t o  f o r m  t h e  t e t r a c y a n o n i c k e l a t e  c o m 
p le x .

Reaction of Diaminomaleonitrile with K 13CN in Aqueous

Table V. Decomposition of Diaminomaleonitrile in
Ammonium Hydroxide_____________

r e a c t i o n  t i m e ,  h

a b s o r b a n c e  ( A )  

( 2 9 6  n m )

0 1 . 2 9

0 .5 1 . 1 9

1 . 0 1 . 1 2

1 . 5 1 . 0 8

2 . 0 1 . 0 4

2 . 5 1 . 0 1

3 . 0 0 .9 8

Solution at pH 7-8. D i a m i n o m a le o n i t r i l e  ( 1 . 5  g )  a n d  p o t a s s i u m  

[ 1 3 C ] c y a n i d e  ( 1 5 0  m g ,  0 .0 0 2 3  m o l)  w e r e  d i s s o l v e d  in  1  L  o f  d i s t i l l e d  

w a t e r .  T h e  s o lu t io n  w a s  t h e n  d i v i d e d  in t o  f iv e  2 0 0 - m L  p o r t io n s  w h ic h  

w e r e  s h a k e n  a t  3 0  ° C  in  s t o p p e r e d  f l a s k s  in  a  s h a k e r  b a t h .  T h e  p H  o f  

t h e s e  s o l u t i o n s  w a s  in  t h e  7 - 8  r a n g e .  E a c h  s o l u t i o n  w a s  f i l t e r e d  a n d  

e x t r a c t e d  w i t h  f i v e  1 0 0 - m L  p o r t i o n s  o f  e t h y l  a c e t a t e ,  a n d  t h e  e t h y l  

a c e t a t e  s o lu t io n s  w e r e  t h e n  c o m b in e d  a n d  e v a p o r a t e d  t o  d r y n e s s .  T h e  

p r o d u c t  w a s  d i s s o l v e d  in  2  m L  o f  d i m e t h y l - d 6 s u l f o x i d e  a n d  t h e  1 3 C  

N M R  s p e c t r u m  r e c o r d e d .  T h e  i n t e n s i t y  r a t i o  ( p e a k  2 / p e a k  1 )  w a s  

c a l c u l a t e d  in  e a c h  c a s e .  E a c h  s p e c t r u m  w a s  r u n  a t  l e a s t  3  t i m e s ,  a n d  

t h e  a v e r a g e  i n t e n s i t y  r a t i o  f o r  a l l  r u n s  w a s  c a l c u l a t e d .  R e s u l t s  a r e  

s h o w n  in  T a b l e  I I I .

Reaction of Diaminomaleonitrile with K 13CN in Aqueous 
Solution at pH 9-9.5. I n  a n o t h e r  s t u d y ,  a  s o l u t i o n  w a s  p r e p a r e d  

c o n t a i n i n g  d i a m i n o m a l e o n i t r i l e  ( 2 .5  g )  a n d  p o t a s s i u m  [ 1 3 C ] c y a n i d e  

( 2 5 0  m g , 0 .0 0 3 8  m o l)  in  2  L  o f  d i s t i l l e d  w a t e r .  T h e  p H  w a s  a d j u s t e d  

t o  9 .2  w i t h  s o d i u m  h y d r o x i d e  s o l u t i o n  a n d  t h e r e a f t e r  m a i n t a i n e d  a t  

3 0  ° C  a n d  p H  9 .2 . A l iq u o t s  w e r e  p e r i o d i c a l ly  w i t h d r a w n  a n d  e x t r a c t e d  

w i t h  e t h y l  a c e t a t e  a s  p r e v i o u s l y  d e s c r i b e d .  T h e  r e s u l t s  a r e  g i v e n  in  

T a b l e  I I .

Reaction of Diaminomaleonitrile with K 13CN in Dimethyl 
Sulfoxide. A  s o l u t i o n  c o n t a i n i n g  d i a m i n o m a l e o n i t r i l e  ( 1  g )  a n d  p o 

t a s s i u m  [1 3 C ] c y a n id e  ( 1 0 0  m g )  in  4  m L  o f  5 0 %  d i m e t h y l  s u l f o x i d e - 5 0 %  

d i m e t h y l - d 6  s u l f o x i d e  w a s  p r e p a r e d .  T h e  1 3 C  N M R  s p e c t r u m  o f  t h e  

b l a c k  s o l u t i o n  w a s  r e c o r d e d  a t  t i m e  i n t e r v a l s  u p  t o  1 0  d a y s ,  a n d  t h e  

i n t e n s i t y  r a t i o  ( p e a k  1 / p e a k  2 )  w a s  c a l c u l a t e d  in  e a c h  c a s e .  R e s u l t s  

a r e  s h o w n  in  T a b l e  V .

Effect of Oxygen on the Oligomerization of HCN. A  3 - L  s o l u 

t i o n  o f  0 . 1  M  H C N  w a s  a d j u s t e d  t o  p H  9 .2  w i t h  N H 4O H  a n d  w a s  t h e n  

d i v i d e d  i n t o  t h r e e  e q u a l  p a r t s .  S o l u t i o n  1  w a s  s i m p l y  s t o p p e r e d  a n d  

a l l o w e d  t o  s t a n d  in  t h e  d a r k .  S o l u t i o n  2  w a s  d e g a s s e d  b y  f o u r  

f r e e z e - p u m p - t h a w  c y c le s  a n d  t h e n  s t o r e d  in  a n  N 2  a t m o s p h e r e  in  t h e  

d a r k .  O x y g e n  w a s  b u b b l e d  t h r o u g h  s o l u t i o n  3  f o r  1 5  m in  b e f o r e  i t  w a s  

s t o p p e r e d  a n d  s t o r e d  in  t h e  d a r k .  S o l u t i o n s  1  a n d  3  w e r e  s u b j e c t e d  

t o  t h e  s a m e  f r e e z e - t h a w  c y c l e s  a s  w a s  s o l u t i o n  2 , b u t  t h e y  w e r e  n o t  

p u m p e d  t o  r e m o v e  a i r .  A l i q u o t s  o f  e a c h  s o l u t i o n  w e r e  t a k e n  f o r  

a n a l y s i s  i m m e d i a t e l y  a f t e r  t h e  p r e p a r a t i o n  o f  t h e  s o l u t i o n s  a n d  a t  

r e g u l a r  i n t e r v a l s  t h e r e a f t e r .  O x y g e n  w a s  p a s s e d  t h r o u g h  s o l u t i o n  3  

a n d  n i t r o g e n  w a s  b u b b l e d  t h r o u g h  s o l u t i o n  2  a f t e r  e a c h  s a m p l e  w a s  

w i t h d r a w n .  T h e  r a t e  o f  d a r k e n i n g  a n d  p r e c i p i t a t e  f o r m a t i o n  w a s  

f a s t e s t  in  s o l u t i o n  2  a n d  s lo w e s t  in  s o l u t i o n  3 .

A l i q u o t s  o f  t h e  t h r e e  s o l u t i o n s  w e r e  m o n i t o r e d  f o r  u r e a ,  d i a m i n o 

m a l e o n i t r i l e ,  a n d  c y a n i d e .  U r e a  w a s  m e a s u r e d  b y  t h e  m e t h o d  o f  

O r m s b y , 3 1  a n d  t h e  r e s u l t s  a r e  g i v e n  in  F i g u r e  1 .  D i a m i n o m a le o n i t r i l e  

f o r m a t i o n  w a s  m e a s u r e d  b y  t h e  U V  a b s o r p t i o n  o f  t h e  o l ig o m e r iz a t io n  

m i x t u r e  a t  2 9 6  n m .6 T h e s e  s p e c t r a  s h o w e d  t h e  f o r m a t i o n  o f  a  v a r i e t y  

o f  U V - a b s o r b i n g  c o m p o u n d s ,  e s p e c i a l l y  in  s o l u t i o n s  1  a n d  3  ( F i g u r e

4 ) . I t  w a s  n e c e s s a r y  t o  s e p a r a t e  t h e  d i a m i n o m a l e o n i t r i l e  f r o m  t h e s e  

o t h e r  s u b s t a n c e s  b y  T L C  u s in g  b u t a n o l  s a t u r a t e d  w i t h  w a t e r  a n d  t h e n  

d e t e r m i n e  t h e  U V  a b s o r p t i o n  o f  t h e  e l u t e d  d i a m i n o m a l e o n i t r i l e .  T h e  

a m o u n t  o f  d i a m i n o m a l e o n i t r i l e  w a s  c a l c u l a t e d  f r o m  t h e  a b s o r b a n c e  

o f  s t a n d a r d  s a m p le s  o f  p u r e  d i a m in o m a le o n i t r i l e  w h ic h  w e r e  s u b j e c t e d  

t o  t h e  s a m e  c h r o m a t o g r a p h i c  a n d  e l u t i o n  p r o c e d u r e .  T h e  y i e l d s  o f  

d i a m in o m a le o n i t r i l e  a r e  g iv e n  in  F i g u r e  2 . C y a n i d e  lo s s  w a s  m o n it o r e d  

b y  s i l v e r  n i t r a t e  t i t r a t i o n 27  a n d  t h e  m e t h o d  o f  S c o g g i n s . 28  T h e  fo r m e r  

m e t h o d  g a v e  m o r e  r e p r o d u c i b l e  d a t a ,  a n d  t h e s e  a r e  g i v e n  in  F i g u r e

3 .
Oxalic Acid Analyses. O x a l i c  a c i d  is  a  m a j o r  p r o d u c t  f o r m e d  b y  

t h e  h y d r o l y s i s  o f  t h e  H C N  o l ig o m e r s .3 3  T h i s  r e s u l t  w a s  c o n f i r m e d  b y  

G C / M S  a n a l y s i s  o f  t h e  t r i m e t h y l s i l y l  d e r i v a t i v e .34  T h e  y i e l d  o f  o x a l i c  

a c i d  w a s  e s t i m a t e d  b y  c o n v e r t i n g  t h e  o x a l i c  a c i d  in  t h e  a c i d i c  a n d  

n e u t r a l  f r a c t i o n s 1  o f  t h e  s u b l i m e d  o l i g o m e r  a c i d  h y d r o l y s a t e  t o  i t s  

t r i m e t h y l s i l y l  d e r i v a t i v e .  Q u a n t i t a t i o n  w a s  a c c o m p l i s h e d  b y  c o m 

p a r i n g  t h e  a r e a  o f  t h e  o x a l i c  a c i d  p e a k  w i t h  t h a t  o f  s t a n d a r d  s a m p l e s  

o f  o x a l i c  a c i d  w h i c h  w e r e  c a r r i e d  t h r o u g h  t h e  s a m e  p r o c e d u r e s .  T h e  

y i e l d  o f  o x a l i c  a c i d  f r o m  t h e  o l ig o m e r s  p r e p a r e d  in  t h e  p r e s e n c e  o f  a i r
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a n d  f r o m  t h e  o l ig o m e r s  p r e p a r e d  in  t h e  p r e s e n c e  o f  n i t r o g e n  w a s  fo u n d  

t o  b e  8 5  a n d  8 . 1  m g / L  o f  t h e  o l i g o m e r i z a t i o n  m i x t u r e ,  r e s p e c t i v e l y .

Urea Analysis of HCN Oligomer Hydrolyzates. S u b l i m e d  H C N  

o l ig o m e r s  ( 5 0  m g )  w e r e  h y d r o l y z e d  w i t h  6  N  H C 1 ,  a n d  h a l f  o f  t h e  h y 

d r o ly s a t e  w a s  s u b j e c t e d  t o  p a p e r  c h r o m a t o g r a p h y  o n  W h a t m a n  3 M M  

p a p e r  u s in g  e t h y l  a c e t a t e / f o r m i c  a c i d / w a t e r  ( 7 : 2 : 1  b y  v o lu m e )  a s  t h e  

d e v e l o p i n g  s o l v e n t .  O n e - q u a r t e r  o f  t h e  h y d r o l y s a t e  w a s  a n a l y z e d  b y  

T L C  u s i n g  b u t a n o l / a c e t i c  a c i d / w a t e r  ( 1 2 : 3 : 5  b y  v o lu m e )  a s  t h e  d e 

v e l o p i n g  s o l v e n t .  B o t h  c h r o m a t o g r a m s  w e r e  s p r a y e d  w i t h  t h e  p -  
d i m e t h y l a m i n o b e n z a l d e h y d e  r e a g e n t .3 5  N o  u r e a  w a s  d e t e c t e d  i n  e i 

t h e r  c h r o m a t o g r a m  a b o v e  t h e  l i m i t  o f  d e t e c t i o n  o f  2 - 5  Mg- I t  w a s  d e 

t e r m i n e d  t h a t  u r e a  i s  s t a b l e  u n d e r  t h e  a c i d  h y d r o l y s i s  c o n d i t i o n s  

u s e d .
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T h e  v s t e r i c  p a r a m e t e r s  f o r  a l k y l ,  a l k o x y ,  t h i o a l k y l ,  d i a l k y l a m i n o ,  a n d  o x y a l k y l  g r o u p s  a n d  t h e  u ' v a l u e s  o f  a l k y l  

g r o u p s  w e r e  c o r r e l a t e d  w i t h  e q u a t i o n s  d e r i v e d  f r o m  t h e  r e l a t i o n s h i p  v =  an„ +  bap -F cn7  +  d r t j  +  i, w i t h  e x c e l l e n t  

r e s u l t s .  T h e  p a r a m e t e r s  r t „ , n$, rt7 , a n d  n 6 r e p r e s e n t  t h e  n u m b e r  o f  a, (1, 7 , a n d  6 c a r b o n  a t o m s ,  r e s p e c t i v e l y .  T h e  

c o r r e l a t i o n  e q u a t i o n s  m a k e  p o s s i b le  t h e  e s t i m a t i o n  o f  v v a l u e s  f o r  a  v e r y  la r g e  n u m b e r  o f  g r o u p s .  T h e  E s c v a l u e s  

o f  H a n c o c k  a n d  t h e  E s °  v a l u e s  o f  P a l m  a r e  s i m p l y  s t e r i c  p a r a m e t e r s  w i t h  d i f f e r e n t  v a l u e s  o f  a f r o m  t h a t  o b t a i n e d  

f o r  t h e  v v a l u e s .  R a t e  c o n s t a n t s  f o r  n u c l e o p h i l i c  s u b s t i t u t i o n  o f  b e n z y l  c h lo r i d e  b y  a l k o x i d e  io n s ,  o f  a l l y l  b r o m i d e  

a n d  o f  l - c h l o r o - 2 ,4 - d i n i t r o b e n z e n e  b y  a l k y l a m i n e s ,  o f  a l k a l i n e  h y d r o l y s i s  o f  e t h y l  4 - n i t r o p h e n y l  a l k y l  p h o s p h o -  

n a t e s ,  C - s u b s t i t u t e d  a m i d e s ,  O - s u b s t i t u t e d  e s t e r s ,  a n d  d i a l k y l p h e n y l a c e t o n i t r i l e s ,  o f  a c i d i c  h y d r o l y s i s  o f  C - s u b s t i -  

t u t e d  a m i d e s ,  a n d  o f  t h e  r e a c t i o n  o f  a l c o h o l s  w i t h  4 - n i t r o b e n z o y l  c h lo r i d e  h a v e  b e e n  s u c c e s s f u l l y  c o r r e l a t e d  w i t h  

t h e  e q u a t i o n  =  an„  +  bn$ +  cn 7  +  i. E v a l u a t i o n  o f  t h e  e f f e c t  o n  b r a n c h i n g  s h o w s  c l e a r l y  t h a t  f o r  a l k y l  g r o u p s

w h i c h  a r e  n o t  s y m m e t r i c ,  n o  o n e  s e t  o f  s t e r i c  p a r a m e t e r s  w i l l  b e  e f f e c t i v e  in  a l l  t y p e s  o f  r e a c t i o n s .

We have calculated in our previous work in this series1 - 5  

v steric parameters for 232 substituents and 1/  steric param
eters for nine substituents.6-7 In this paper we investigate the 
dependence of the steric parameter, v, on the degree of 
branching in the alkyl group. We would alsc like, i f  possible, 
to be able to estimate v values for many additional groups.

In commencing this work, we note that Bowden and 
Woolridge8 have reported a poor but significant correlation 
of Es values w ith the equation

E s  =  m i n e  +  m 2n u  +  m 3 (1 )

where nc and nh are the number of carbon and hydrogen 
atoms in the sixth position (with the carbonyl oxygen atom

in the ester used to define Eg being considered atom number 
1). Let us define the following quantities: na = the number of 
C atoms bonded to the a carbon atom of an alkyl group; riß = 
the number of C atoms bonded to the ß carbon atoms; nT = the 
number of C atoms bonded to the y carbon atoms; « 5  = the 
total number of carbon atoms bonded to the & carbon atoms. 
Thus, for example, the group t-BuCH(Me(CH(Et)CMe2-has 
values of 3, 2,3, 3 for na, riß, ny, n6, respectively, while for the 
cyclohexyl group, the corresponding values are 2 , 2 , 1 , 0 .

Newman9 had suggested long before that the “ six number” , 
n6, is the major factor in the steric effect. This quantity is 
defined by the equation

«6 = 3 riß (2)

z x r v o o  n o n o  / n a  / - i d  A n  O f m c t D A I  A A / A  ( ? )  T Q 7 Ö  A m o n V o n  P . h A m i V f l l  S o r . i f t t v
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T a b le  I. v V a lu es U sed  in  th e C orre la tion s

1 . Alkyl groups: Me, 0.52; Et, 0.56; Pr, 0 .6 8 ; Bu, 0 .6 8 ; BuCH2, 0.68; 
BuCH2CH2, 0.73; Bu(CH2)3, 0.73; Bu(CH2)4, 0.68; ¿-Pr, 0.76; 
sec-Bu, 1.02; c-C6H u CH2> 0.97; ¿-Bu, 0.98; t-Bu, 1.24; t-BuCH2, 
1.34; E t2CH, 1.51; Pr2CH, 1.54; Bu2CH, 1.56; f-BuCH2- 
Me2C, 1.74; t-BuMeCH, 2.11; ¿-PrEtCH, 2.11; i-BuMe2C, 2.43; 
Et3C, 2.38; ¿-PrCH2CH2, 0.68; t-BuCH2CH2, 0.70; (¿-PrCH2)2CH, 
1.70; (t-BuCH2)2CH, 2.03; t-BuCHEtCH2CH2, 1.01; c- 
C6H n CH2CH2, 0.70; c-C6H u (CH2)3, 0.71; sec-BuCH2, 1.00; t- 
BuCH2CHMe, 1.41; MePrCH, 1.05; Me-i-PrCH, 1.29; i- 
BuCH2CH2, 0.68; MeBuCH, 1.07; Me-i-BuCH, 1.09; EtBuCH, 
1.55; n-C9H i9, 0.68; n-Cu H23 0.68; n-Ci3H 27, 0.68; n-C15H3 1 , 0.68; 
n-C17H35, 0.68; c-C4H9; 0.51; c-C5H9, 0.71; c-C6H n , 0.87; c-C7H13,
1 .00
2. Alkoxy groups: Me, 0.36; Et, 0.48; Pr, 0.56; ¿-Pr, 0.75; Bu, 0.58; 
¿-Bu, 0.62; sec-Bu, 0.86; i-Bu, 1.22; CHLBu, 0.58; CH2-sec-Bu,
0.62; CH2-i-Bu, 0.62; CH2-t-Bu, 0.70; CHEt2, 1.00; CHMePr, 0.90; 
CHMe-i-Pr, 0.91; CMe2Et, 1.35; CH2CH2Bu, 0.61; CHEtPr, 1.04; 
CH2CH2-f-Bu, 0.53; CH2CHEt2) 0.71; CH2CMe2Et, 0.78; 
CH2CHMe-i-Pr, 0.64; CHEt-i-Pr, 1.18; CEt2Me, 1.52; CPrMe2, 
1.39; CHMe-i-Bu, 1.19; CHMeBuCH2, 0.90; CH2CHEt-;-Pr, 0.76; 
CH2CHMe-i-Bu, 0.66; CH2CMeEt2, 0.82; n-C8H i7, 0.61; 
CH2CHEtBu, 0.76; CHMe(BuCH2CH2), 0.92; CH2CHEt-t-Bu,
0.96; CH2CH-i-Pr2, 0.89; CH-i-Bu2, 1.28; n-C12H25, 0.65; c-C5H9,
0.77; c-C6H n , 0.81; CH2-c-C3H5, 0.48; CH2-c-C5H9, 0.58; CH2- 
c-CgHn, 0.65; CH2CEt3, 0.97
3. Alkylamino and dialkylamino groups: NHMe, 0.39; NHEt,
0.59; NHPr, 0.64; NH-i-Pr, 0.91; NHBu, 0.70; NH-i-Bu, 0.77; 
NH-sec-Bu, 1.12; NH-t-Bu, 1.83; NHCH2Bu, 0.64; NHCH2-i-Bu,
0.65; NHCH2CH2Bu, 0.66; NMe2, 0.43; NMeEt, 0.87; NEt2, 1.37; 
NPr2, 1.60; NiPr2, 2.01; NHcC6Hn , 0.92
4. Alkylthio groups: Me, 0.64; Et, 0.94; ¿-Pr, 1.19; Pr, 1.07; Bu, 
1.15; ¿-Bu, 1.15; sec-Bu, 1.36; t-Bu, 1.60
5. Oxyalkyl groups: MeOCH2, 0.63; EtOCH2, 0.61; PrOCH2, 0.65; 
¿-PrOCH2, 0.67; BuOCH2, 0.66; ¿-BuOCH2, 0.62; EtCHOMe, 1.22; 
PrCHOMe, 1.22; BuCHOMe, 1.20; CH2OH, 0.53; MeCHOH, 0.50; 
EtCHOH, 0.71; PrCHOH, 0.71; BuCHOH, 0.70; BuCH2CHOH,
0.71; i-BuCH2OCMe2, 1.23
6 . Alkyl groups: Me, 0.35; Et, 0.38; Pr, 0.42; Bu, 0.42; ¿-PrCH2,
0.55; ¿-Pr, 0.62; t-Bu, 1.23; sec-Bu, 0.66

while

nc  = ny (3)

Furthermore,

n$ = nC +  na (4)

Thus, from eq 2, 3, and 4, we obtain

jih = 3 np — n y (5)

Substituting eq 3 and 5 in eq 1 gives

Eg = 3m2ni3 + (m4 — m2)n7 — m3 (6 )

Thus, the work of Bowden and Woolridge indicates a de
pendence of the Taft steric parameter, Eg, on the degree of 
branching. This work is extended by a report of Rybkov, 
Gankin, and Gurevich, 10  which states that the rate of esteri
fication of RC02H is dependent on n5 as well as ri6, as is 
given by the equation

n 5 = 3rc„ (7)

I t  seemed reasonable, therefore, to examine the correlation 
of all available u values for alkyl groups w ith the equation

c = a n a + bnp  + c n y + d n 6 + i (8 )

The u values were taken from our previous work. 1 ’2 The groups 
studied are set forth in Table I  (set 1 ). The cyclopropyl group 
was not included in this correlation as we have already sug
gested that u for this group includes a significant resonance 
effect contribution. The results of the correlation by least

mean squares w ith eq 8  are reported in Table I I  (set 1A). The 
results are significant at the 99.9% confidence level (CL). The 
value of r 2, however, is only 0.7909. Thus, only about 79% of 
the data are accounted for by the correlation. Seven of the 46 
data points are apparently outliers. These points include Me, 
Et, t-BuEtCHCH 3CH2, c-C4H 7, c-C5H 9, c-C6H n , and c- 
C7H 13. The deviation of the cyclic substituents is reasonable 
as the steric effect of these groups is undoubtedly different 
from that of the corresponding open chain analogues. Com
paring sec-Bu with c-C4H 7, the v values are 1.02 and 0.51, re
spectively. This is certainly due to greater freedom of motion 
in an acyclic group than is possible in a cyclic group. The u 
values for the Me and E t apparently deviate because they are 
not substituted sufficiently compared to the other groups 
studied. The deviation of u for the f-BuEtCHCH 2CH 2 group 
may be due simply to experimental error.

A further point is that the “ student t ”  test shows that d is 
not significant and therefore is not required. The remaining 
3 9  data points were therefore correlated w ith the equation

u = ana + bnp + cny + i (9)

with excellent correlation (set IB ). Again, the correlation was 
significant at the 99.9% CL. The value of r 2 obtained was
0.9722. Thus, the correlation accounts for about 97% of the 
variation. The success of eq 9 led us to applying this method 
to i' values for alkoxy, dialkylamino, and alkylthio substitu
ents. Values of the u constants used in the correlations are set 
forth in Table I  and results of the correlations in Tables I I  and
III .  The v values for the alkoxy groups were correlated w ith 
the equation

y = blip + cny + drif, +  i (10)

This equation was obtained by dropping the n „ term in eq 8 . 
The na term is not required for alkoxy groups as the a atom 
is the oxygen atom which of course can form only one bond to 
a carbon atom. Correlation of all 44 available v values for 
alkoxy groups gave a result (set 2A) significant at the 99.9% 
CL w ith a value for r 2 of 0.8633. Thus, the correlation ac
counted for about 8 6 % of the variation. Examination of the 
calculated v values showed that the OMe, OCH2CH2-t-Bu, 
OcC5 H 9, OcC6H u , OCH2 -c-C3 H 5, OCH2 -c-C4H 7, and 
OCH2 -c-C5H 9 groups deviate considerably from the experi
mental values. Exclusion of these values gave an excellent 
correlation (set 2B) which was again significant at the 99.9% 
CL with an r 2 value of 0.9491. Thus, the correlation accounts 
for about 95% of the variation. The most probable cause for 
the deviation of the groups indicated above from the corre
lation is experimental error w ith the exception of the OME 
groups. The deviation of the OMe group is reasonable in view 
of the deviation of the u value for the E t group from the cor
relation line for alkyl groups.

I t  must be noted that the successful correlation obtained 
w ith eq 10 shows that the n$ term is required. We believe that 
this is due to the fact that the alkoxy groups available had 
much more variation in n„ than did the alkyl groups available. 
Thus, seven alkoxy groups had n;> values > 3 whereas only one 
alkyl group had such a value. We believe that i f  u values for 
suitably substituted alkyl groups were available, the ns term 
would have been significant.

Since the dialkylamino and alkylamino groups can undergo 
variable substitution at N, we have correlated v values for 
them with eq 8 . An excellent correlation was obtained (set 3A), 
significant at the 99.9% CL, with an r 2 value of 0.0258, thereby 
accounting for about 93% of the variation. Examination of 
calculated v values showed that those for the NHMe, NH-f-Pr, 
and NH-c-CfjHn groups deviated considerably from the ex
perimental v values. The deviation of the NHMe group is in 
agreement with the previously observed deviations of the OMe 
and E t groups. The N H -i-P r and NH-c-C6H n  groups pre-
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Table II. Results of Correlations

set a b C d/b’ C i Ra Fb
1A 0 .3 9 7 0.347 0.0614 0.0158 - 0 . 1 0 1 0.889 38.76e
IB 0 .4 9 7 0.409 0.0608 -0.309 0.986 408.0 e
2A 0.372 0.0787 0.0528 0.0795 0.929 84.18e
2B 0.406 0.108 0.0594 -0.0084 0.974 204.9e
3A 0.227 0.415 0.0467 -0.0737 0.0357 0.962 37.41e
3B 0.200 0.453 0.0407 0.969 85.58 e
4 0.318 0.108 0.0897 0.635 0.999 476.9 e
5A 0.262 0.186 -0.0153 0.417 -0.0551 0.309 0.957 21.91e
5B 0.303 0.255 0.484 0.159 0.997 612.9e
6A 0.280 -0.0127 0.202 0.900 10.651
6B 0.386 0.0760 -0.0502 0.950 18.538
6C 0.349 0.0638 0.935 34.87*
11 0.346 0.345 0.997 397.7e

set $estC s ac s b c s c c SdC/Sb' V e SiC nd
1A 0.249 0.616e 0.0497e 0.0303' 0.0483J 0.118* 46
IB 0.0927 0.0230e 0.0199e 0.0118e 0.0457 e 39
2A 0.103 0.0240e 0.194e 0.0140e 0.05431 44
2B 0.0623 0.0167e 0.0128e 0.00934e 0.0400m 37
3A 0.151 0.0896' 0.0388e 0.0534* 0.0716* 0.143m 17
3B 0.136 0.0779 0.0380e 0.1 W 14
4 0.0197 0.00854 e 0.00903 e 0.0212° 0.0161e 8
5A 0.0936 0.0471e 0.0875° 0.0786 m 0.0584e 0.0559* 0.0595e 16
5B 0.0230 0.0119e 0.0148e 0.0146e 0.0165e 15
6A 0.0148 0.0621* 0.0764 m 0.117' 8
6B 0.112 0.0681* 0.0709* 0.146t 7
6C 0.114 0.0590e 0.102 t 7
11 0.0145 0.0141e 0.0184e 6

0 Correlation coefficient. * F test for significance of regression. Superscripts indicate confidence levels (CL).c Standard errors of 
the estimate and the regression coefficients. Superscripts indicate confidence level of the “ student t ”  test.d Number of points inset. 
e 99.9% CL. f 97.5% CL. * 99.0% CL. h 99.5% C L .1 95.0% CL. > 20.0% CL * 50.0% CL. ' 80.0% CL. m <20.0% CL. i 98.0% CL. 0 90.0% 
CL.

T a b le  III. P a rtia l C o rre la t io n  C o e ffic ie n ts  a

set r  1 2 *13 *14 *23 *24 *34

IA 0.3726 0.042 0.369* 0.106 0.195 0.126
IB 0.265 0.009 0.096
2A 0.109 0.344e 0.247
2B 0.241 0.421* 0.280
3A 0.218 0.264 0.387 0.052 0.187 0.369
3B 0.228
4 0.145 0.114 0.061
5A 0.552d 0.422 0.269 0.764e 0.358 0.313
5B 0.523d 0.395 0.472
6A 0.183
6B 0.520

set r  15 r 25 * 3 5 * 4 5

5A 0.406 0.633* 0.484 0.556e

° Superscripts indicate significance of partial correlation coefficients. Lack of superscripts indicates less than 90% CL. * 98.0% CL. 
e 95.0% CL. d 90.0% CL. e 99.5% CL.

sumably deviate due to experimental error. The correlation 
obtained with eq 8 shows (from the “ student t ”  tests) that c 
and d are not significant and therefore the ny and ny terms 
are not required. We have therefore correlated the data, after 
the exclusion of the values for NHMe, N H -i-P r, and NH-c- 
CeHu, w ith the equation

v = ana + bnB + i (11)

once more resulting in a correlation (set 3B) significant at the 
99.9% CL, with an *2 value of 0.9396, accounting for about 94% 
of the variation.

The u values for alkylthio groups were correlated w ith eq 
10 as no na term is required, as was the case for alkoxy groups, 
and for the same reason. An excellent correlation was ob-

vTfLIflJJf)

tained, significant at the 99.9% CL, w ith * 2 equal to 0.9972. 
Surprisingly the SMe group does not deviate greatly from the 
correlation line for thioalkyl groups, in contrast to the be
havior of the Et, OMe, and NHMe groups.

We have also examined the effect of branching on oxyalkyl 
groups of the type CR 1 R2(OR3). We firs t attempted correla
tion w ith

v = ana +  bri/3 +  cny +  b'n0B +  c'noy +  i (1 2 )

where n0B is the number of carbon atoms bonded to O (either 
0  or 1, keeping in mind that the lettering of C atoms is as 
shown in (I) w ith the oxygen atom replacing C/3), and noy is 
the number of 7  carbon atoms attached to the f i carbon atom, 
which is bonded to an oxygen atom.

'  t
m i n y i s n f t t f l f H
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Table IV. Values of d c h x 2 and vcx3
X H Me F Cl Br I

UCHX2 0.52 0.76 0.68 0.81 0.89 0.97
v c x 3 0.52 0.24 0.91 1.38 1.56 1.79

-C - 0 1 0 1 0 1C - (I)
a  (8,7 5

The result obtained from correlation with eq 12 (set 5A) was
significant at the 99.9% CL, with a value of r2 of 0.9164, ac-
counting for about 92% of the variance. The “ student t ”  tests 
showed that c and c' were not significant. Furthermore, the 
calculated value of v for the CH2OH group deviated greatly 
from the experimental value. This is in accord with our pre
vious results for the Et, OMe, and NHMe groups. The re
maining 12 values of u were correlated w ith the equation

v = ana + bntj + b'nop) + i (13)

with excellent results (set 5B). Once again, the correlation was 
significant at the 99.9% CL, w ith an r 2 value of 0.9941, ac
counting for essentially all the variation.

Finally, we have examined the few available values of 1/  for 
alkyl groups. As no v' values were available for groups with 
significant values of n1 or nb, the data were correlated with eq 
11 (set 6A). The correlation obtained was good and the results 
were significant at the 95% CL with an r2 value of 0.8099, ac
counting for about 81% of the variation. A “ student t ”  test 
showed that b was not significant. Exclusion of the u value for 
Me gave an improved correlation with eq 11, significant at the 
99.0% CL, with an r2 value of 0.9026, accounting for about 90% 
of the variation. Again, however, b was not significant. Data 
were therefore correlated with the equation

1/  = an ¡j + i (14)

giving an excellent correlation, significant at the 99.5% CL 
with an r2 value of 0.8746, accounting for about 87% of the 
variation. The lack of significance of b is probably due to the 
small number of points in the set.

The successful correlation of u values with the degrees of 
alkyl branching makes possible the estimation of v values for 
a large number of substituents and thereby greatly expands 
the u tility  of the modified Taft equation. The preferred
equations for the estimation of new u constants are:

ur = 0.497«„ + 0.409«/} + 0.0608«7 — 0.309 (i)

cor = 0.406«/} + 0.108«7 + 0.059« j -  0.00839 (ii)

unrir2 = 0.200«a + 0.453«/} + 0.0407 (iii)

usr = 0.318«/j + 0.108«7 + 0.089«s + 0.635 (iv)

ccr1r2(OR3) — 0.303«(l + 0.255«/} + 0.484«o/} + 0.159 (v)

Our results also shed light on the composition of the “ cor
rected”  Esc values of Hancock and co-workers11 and Eg0 
values of Palm.12

Let us establish the freedom of the v parameters for alkyl 
groups from resonance effects. We propose to do this by 
showing that they are obtained by calculation from van der 
Waals radii, or by linear relationships with u values which were 
calculated from van der Waals radii. I t  w ill be convenient to 
review at this point the difference between electrical and steric 
effects. Both effects are of course electrical in orgin. The 
electrical effect of a substituent is due to the charge (usually 
partial) on the substituent. I t  is conveniently factored into a 
localized effect and a delocalized effect. The steric effect is 
dependent on the size and shape of the substituent, whereas 
the electrical effect is not. Thus, it  is quite possible to have

groups which are isoelectronic (have a constant electrical ef
fect) and show a widely varying steric effect, or are isosteric 
and have a widely varying electrical effect. The origin of the 
steric effect lies in repulsions between nonbonding atoms. The 
origin of the electrical effect lies in the effect of the substituent 
upon the electron distribution at the active site (the atom or 
group of atoms at which some measurable phenomenon oc
curs). As van der Waals radii are a measure of size, not charge, 
we believe that u parameters which are calculated from these 
radii or are a linear function of parameters calculated from 
these radii are pure steric parameters.

The v values for Me and f-Bu were directly calculated from 
van der Waals radii and are therefore pure steric parameters. 
The values of u for i-P r and CHC12 lie on the correlation line 
of the equation

vch x2 = ™ vc x 3 + c ( I5)

A ll of the v values for the CX3 groups involved were obtained 
by calculation from van der Waals radii. The v values used are 
given in Table IV  and results of the correlation in Table I I  (set 
11). The results of the correlation are excellent; i t  was signif
icant at the 99.9% CL with r 2 = 0.9936. Thus, the uchx2 Pa- 
rameters are completely accounted for by a relation with pure 
steric parameters and are therefore themselves pure steric 
parameters. We have previously shown1 that when X  = Cl, an 
excellent correlation with the equation

WCX„He- n =  m v C M en H3- „  (16)

was obtained, significant at the 99.9% CL with r 2 = 0.9986.
We have also pointed out above that u y ie , i ’c h c i3, l!c h m c 2. and 

ucMe3 are pure steric parameters. Since the point for ucH2Me> 
ucHeci lies on this line, both of these u values must be pure 
steric parameters. Thus, we have now shown that the v values 
for Me, E t (or CH2Me), i-P r (or CHMe2), and t-Bu (or CMe3) 
are all related to van der Waals radii and may therefore be 
considered pure steric parameters.

Significant correlations obtained w ith eq 16 when X  = Pr 
or E t suggest that u values for the CH2Et, CH2Pr, CHEt2, and 
CHPr2 groups are also pure steric parameters. We feel, 
therefore, that as all of these alkyl groups are pure steric pa
rameters, and as they cover the complete range of number of 
a hydrogen atoms, the u parameters for alkyl groups are free 
of hyperconjugative effects in particular and electrical effects 
in general. We conclude therefore that as the left side of eq 8 
represents only steric effects, the right side of eq 8 must also 
represent only steric effects. Let us now consider the “ cor
rected”  Esc values of Hancock. They are defined by the 
equation

Es - Esc + h («H-3) (17)

where «h is the number of a hydrogen atoms. From the defi
nition of Es values and that of u values i t  can be seen that 
neglecting errors in the definition of Eg, Es = sv. Furthermore,
«H = 3 — not. Thus,

Esc = Es — h(«n-3) (18)

ESQ = sv — h(3 — n„_3) (19)

Esc = sc + hn„ (20)

From eq 8

E sc = s{ana + 6«/} +  c«7 + i) + hna (21)

E sc = (sa + h)na + sbnp + sc«7 + si (22)

I t  follows then that the Esc values are not freer of electrical 
effects than Es or u, as claimed by Hancock, but are steric 
parameters which differ from u in the coefficient of «„. Thus, 
they are not better or worse steric parameters, they are steric
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Table V. Composition of the u Parameters
type of group a b c d b'

R 0 .4 9 7 0.409 0.0608
OR 0.406 0.108 0.0594

NR!R2 0 .2 0 0 0.453
SR 0.318 0.108 0.0897

CR4R2 (OR3) 0.303 0.255 0.484
R“ 0.348

“ i’1 values.

parameters which differ from Eg or u in their sensitivity to 
branching at the firs t carbon atom of the alkyl group. The 
same treatment can be applied to the Eg° values of Palm

Eg - Es° -  jiriHs) ~ knc (23)

where nh is the number of a hydrogen atoms and nc the 
number of a carbon atoms. W ith  Es = sc, rin  = 3 — ma, ric = na, we obtain

Eg0 = sv + y(3 — na — 3) — kna (24)

Es° = s -  (j + k)n„ (25)

From eq 8

Eg° = s(an„ + brip +  cny + i) — (/ +  k)n„ (26)

E  s° = (sa — j  — k)na + sbrip + scny + si (27)

Again, Eg0 is not more or less free of electrical effects than is
u. I t  differs from Eg and u in its sensitivity to branching at the 
first carbon of the alkyl group. As to the use of the Egc and Eg° 
values, i t  is certainly true that different reactions may have 
a different composition of the steric effect. Differences in the 
geometry of the transition state would lead us to expect this. 
Thus, for example, the u values for many groups were defined 
from rates of esterification of carboxylic acids and have a value 
of a in eq 8 of 0.497 while the u values defined from a bimole- 
cular nucleophilic substitution have a value of a in eq 14 of
0.348. I t  is entirely likely that for some particular reaction a 
correlation w ith Eg0 or Egc (or their equivalents, u° or uc) 
would be best. As more data become available, we expect to 
find a wide variation in a, b, and c with reaction type.

I t  is of interest to compare the composition of the various 
types of u values studied here. Values of a, b, c, d, and b are 
given in Table V. The values of a are easily understandable 
for the ur, unrir2, and ucrir2<or3) parameters, all of which are 
determined from analogus reactions (esterification or acid 
catalyzed amide hydrolysis). The u r  values in which hindrance 
to a substitution is greatest show the highest sensitivity to na. 
The u c r i r 2 ( o r 3 )  values should be less senitive than the u r  

values to na because the oxygen atom is significantly smaller 
than a CH2 group and this is indeed the case. The unrirs 
values should be the least sensitive to na because only two 
N-C bonds can be formed, the remaining tetrahedral orbital 
being occupied by a pair of nonbonding electrons. Again, this 
is what is observed.

The u r ,  u o r ,  and u n r i r 2 values all show about the same 
sensitivity to rip. The ugR values are less sensitive to rip, pos
sibly due to the longer C-S bonds which would tend to remove 
the alkyl moiety of the thioalkyl group from the vicinity of the 
reaction site. We are unable at the present time to account for 
the smaller sensitivity to ny of u r  as compared w ith u o r . The 
value of b' obtained for ucrir2(or3) values is somewhat larger 
than but comparable to the values of b obtained for the u r ,  

i n r '-r s .  and u o r  constants.
Our rests suggest the possibility, when a sufficiently large 

data set is available, of correlating the data with the equa
tion

Table VI. Data Used in Correlation with (30)

1 . k t, A k P h C H C N  -I- O H -  i n  i s o a m y l  a l c o h o l  a t  9 9 .8  ° C : a P r ,

0 . 1 2 1 ; i - P r ,  0 . 0 1 3 ;  B u ,  0 . 0 8 2 ;  s e c - B u ,  0 . 0 1 3 ;  ¿ - B u ,  0 . 0 9 5 ;  B u C H 2 ,

0 . 1 3 7 ;  ¿ - P r C H 2 C H 2, 0 . 0 9 5 ;  c - C 5 H 9, 0 . 0 1 9 ;  B u C H 2 C H 2, 0 . 1 1 9 ;  c -  

C 6 H n , 0 . 0 1 0

2 .  k t, A k P h C H C N  +  O H -  i n  i s o a m y l  a l c o h o l  a t  1 1 7  ° C : a  P r ,

0 . 2 5 0 ;  ¿ - P r ,  0 . 0 4 4 ;  B u ,  0 . 2 5 6 ;  s e c - B u ,  0 . 0 4 5 ;  ¿ - B u ,  0 . 2 2 5 ;  B u C H 2 ,

0 . 4 2 3 ;  ¿ - P r C H 2 C H 2 , 0 . 2 6 0 ;  c - C 5 H 9 , 0 . 0 5 8 ;  B u C H 2 C H 2 , 0 . 3 0 8 ;  c -  

C 6 H n  0 . 0 1 8

3 .  k T, A k N H 2  +  C H 2= C H C H 2 B r  in  P h H  a t  1 0 0  ° C :b H ,  1 . 3 8 0 ;  

M e ,  8 , 3 0 2 ;  E t ,  3 .8 0 7 ;  P r ,  3 . 7 8 3 ;  B u ,  3 .8 9 6 ;  B u C H 2, 3 .7 9 0 ;  B u ( C H 2) 3 , 

3 . 5 3 7 ;  i - P r ,  1 . 2 5 7 ;  s e c -B u ,  1 . 2 4 0 ;  ¿ - B u ,  2 . 7 5 9 ;  ¡ - P r C H 2 C H 2 , 2 .9 8 5 ;

i - P r M e C H ,  0 . 5 8 6 ;  i - B u ,  0 . 3 1 4

4 . k T, A k O ~  +  P h C H 2C l  in  A k O H  a t  5 0  ° C : c P r ,  0 . 5 3 0 ;  B u ,  0 .4 6 0 ;  

B u C H 2, 0 . 3 5 0 ;  B u C H 2 C H 2, 0 . 2 7 0 ;  i - P r ,  0 . 3 3 4 ;  B u ,  0 . 2 2 9 ;  t - B u ,

0 . 1 3 2

5 .  k r, A k O -  +  P h C H 2 C l  i n  A k O H  a t  6 0  ° C : C P r ,  1 . 3 1 ;  B u ,  1 . 0 2 ;  

B u C H 2, 0 .8 3 0 ;  B u C H 2 C H 2 , 0 .6 2 0 ;  i - P r ,  0 .6 6 2 ;  s e c - B u ,  0 .4 5 8 ,  ¿ - B u ,

0 . 9 0 7 ;  ¿ - P r C H 2 C H 2 , 0 . 6 9 7 ;  i - B u ,  0 . 2 5 0

6 . k T, A k O “  +  P h C H 2C l  in  A k O H  a t  7 0  ° C : C P r ,  2 .9 6 ;  B u ,  2 . 3 3 ;  

B u C H 2 , 1 . 7 7 ;  B u C H 2 C H 2, 1 . 3 3 ;  i - P r ,  1 . 4 3 ;  s e c - B u ,  0 . 8 4 5 ;  i - B u ,  

1 . 8 9 ;  ¿ - P r C H 2 C H 2 , 1 . 5 4 ;  i - B u ,  0 . 5 2 3

7 .  k r, A k O -  +  P h C H 2C l  i n  A k O H  a t  8 0  ° C : c P r ,  6 . 3 9 ;  B u ,  4 . 9 6 ;  

B u C H 2, 3 . 6 5 ;  B u C H 2C H 2, 2 . 7 7 ;  i - P r ,  2 . 5 5 ;  s e c - B u ,  1 . 6 0 ;  ¿ - B u ,  3 .9 2 ;  

¿ - P r C H 2 C H 2 . 3 . 3 5 ;  i - B u ,  0 . 9 1 0 ;

8 . k T, A k N H 2  +  l - C l - 2 ,4 - ( N 0 2 ) 2 C 6H 3  i n  E t O H  a t  2 5  ° C :d È t ,  9 .2 ;  

P r ,  9 .6 ;  ¿ - P r ,  1 . 0 ;  B u ,  1 0 . 0 ;  s e c - B u ,  0 . 9 1 ;  i - B u ,  0 .0 3 8 ;  M e ,  3 1 . 6 ;  ¿ - B u ,  

6 .8 ; B u ( C H 2) 3 , 1 0 . 0 ;  H ,  0 .0 4

9 . k T, A k ( P 0 ) ( 0 - C 6 H 4 N 0 2 - 4 ) ( 0 E t )  +  O H “  in  w a t e r  ( p H  8 . 3 )  a t

3 7 . 5  ° C :e M e ,  2 4 . 2 ;  E t ,  5 . 0 6 ;  P r ,  4 . 1 7 ;  B u ,  4 . 2 3 ;  B u C H 2 , 3 . 6 2 ;  

B u C H 2 C H 2 , 3 . 5 6 ;  ¿ - P r ,  1 . 0 7 ;  ¿ - B u ,  2 . 3 4 ;  ¿ - P r C H 2 C H 2, 2 . 4 5 ;  i- 
P r ( C H 2) 3 , 3 . 6 2 ;  i - B u ,  0 . 0 3 2 ;  i - B u ( C H 2) 3 , 3 . 4 1 ;  c - C 6 H „ ,  0 . 3 0 7

1 0 .  k T, P h C A K ' A K 2C N  +  O H -  i n  i s o a m y l  a l c o h o l  a t  9 9 .8  ° C : a 

H ,  H ,  0 . 5 0 5 ;  M e ,  H ,  0 . 4 1 1 ;  E t ,  H ,  0 . 3 1 6 ;  P r ,  H ,  0 . 1 2 1 ;  B u ,  H ,  0 .0 8 2 ;  

M e ,  M e ,  0 . 1 4 8 ;  E t ,  M e ,  0 . 0 5 7 ;  P r ,  M e ,  0 . 0 7 3 ;  B u ,  M e ,  0 .0 5 8 ;  E t ,  E t ,

0 .0 4 6 ;  P r ,  E t ,  0 . 0 2 1 ;  B u ,  E t ,  0 .0 0 7

1 1 . k r, P h C A k ! A k 2C N  +  O H -  in  i s o a m y l  a l c o h o l  a t  1 1 7  ° C : a H ,

H ,  1 . 2 2 1 ;  M e ,  H .  0 .6 9 5 ;  E t ,  H ,  0 .6 0 0 ;  P r ,  H ,  0 .2 5 0 ;  B u ,  H ,  0 .2 5 6 ;  M e ,  

M e ,  0 . 3 4 1 ;  M e ,  E t ,  0 . 1 0 7 ;  P r ,  M e ,  0 . 1 4 1 ;  B u ,  M e ,  0 . 1 3 4 ;  E t ,  E t ,

0 . 1 0 9 ;  P r ,  E t .  0 . 0 5 6 ;  B u ,  E t ,  0 . 0 3 5 ;

1 2 .  1 0 4 k T, A k C O N H 2  +  H 3 0 +  i n  H 2 0  a t  7 5  ° C -J M e ,  1 0 . 3 ;  E t ,  

1 2 . 0 ;  P r ,  5 . 9 9 ;  B u ,  5 . 9 3 ;  ¿ - B u ,  1 . 2 9 ;  i - B u C H 2, 0 . 1 9 3 ;  ¿ - P r ,  6 .0 6 ;  

E t 2 C H ,  0 . 1 7 6 ;  s e c - B u ,  1 . 5 1 ;  i - B u ,  2 . 2 6

1 3 .  1 0 4 A r, A k C O N H 2  +  O H "  i n  H 20  a t  7 5 . 0  ° C : «  M e ,  1 3 . 6 ;  E t ,  

1 3 . 1 ;  P r ,  7 . 0 5 ;  B u ,  5 . 5 2 ;  ¿ - B u ,  1 . 9 7 ;  s e c - B u ,  1 . 6 5 ;  ¿ - P r ,  6 . 6 1 ;  i - B u ,  

2 . 5 7

1 4 .  k T, A k O B z  +  O H -  in  5 6 %  w / w  M e A c - H 20  a t  2 5  “ C ^ M e ,  

9 . 0 2 2 ;  E t ,  2 . 8 9 1 ;  P r ,  1 . 9 3 2 ;  B u ,  1 . 6 6 7 ;  A m C H 2, 1 . 2 7 4 ;  A m ( C H 2 ) 3 ,

I .  2 6 3 ;  ¿ - P r ,  0 . 4 6 4 4 ;  ¿ - B u ,  1 . 4 2 9 ;  s e c - B u ,  0 . 2 2 5 9 ;  i - B u ,  0 . 0 1 3 2 7 ;  i- 
B u C H 2 , 1 . 2 0 0 ;  M e P r C H ,  0 . 1 4 8 7 ;  M e 9E t C ,  0 . 0 0 5 0 2 4

1 5 .  1 0 3 A r , A k O H  +  4 - 0 2 N C 6H 4C 0 C l  i n  E t zO  a t  2 5  ° C : ‘  M e ,  1 8 4 ;  

E t ,  8 4 . 5 ;  P r ,  6 5 .9 ;  ¿ - P r ,  1 0 . 1 ;  B u ,  7 0 . 3 ;  s e c - B u ,  7 . 3 5 ;  i - B u ,  2 .7 0 ;  ¿ - B u ,  

3 0 . 8 ;  A m ,  7 9 ;  A m C H 2 , 8 5 ;  A m ( C H 2 ) 2 , 6 9 ;  s e c - B u C H 2 , 3 6 ;  i- 
B u C H 2 , 7 3 ;  ¿ - B u ( C H 2) 2 , 6 8 ; M e P r C H ,  5 .9 ;  M e B u C H ,  6 5 ;  E t 2 C H ,  

3 6 ;  P r 2 C H ,  2 . 7

°  D .  Z a v o i a n u ,  A nn. Uniu. Bucuresti. Ser. Stiint. N atur. Chim ., 
1 7 ,  4 1 ,  1 2 3  ( 1 9 6 8 ) ;  C h em . A b str ., 7 1 ,  1 1 2 0 6 4 ,  1 1 2 0 6 5 .  b M e n -  

s c h u t k i n ,  Z. P h ys . C h em ., 1 7 ,  1 9 3  ( 1 8 9 5 ) ;  B er., 3 0 ,  2 7 7 5 ,  2 9 6 6  

( 1 8 9 7 ) .  c I .  G .  M u r g u l e s c u  a n d  D .  D a n c e a ,  R ev. R oum . Chim ., 1 6 ,  

1 6 2 5  ( 1 9 7 1 ) .  d O . L .  B r a d y  a n d  W . H .  C r o p p e r ,  J. Chem . Soc., 5 0 7  

( 1 9 5 0 ) . e T .  R .  F u k u t o  a n d  R .  L .  M e t c a l f ,  J. A m . C h em . S oc., 8 1 ,  

3 7 2  ( 1 9 5 9 ) .  f  P .  D .  B o l t o n ,  A u st. J. C h em ., 2 2 ,  5 2 7  ( 1 9 6 9 ) ;  2 4 , 4 7 1

( 1 9 7 1 ) .  R P .  D .  B o l t o n  a n d  G .  L .  J a c k s o n ,  ibid., 2 4 , 9 6 9  ( 1 9 7 1 ) .  h E .  

T o m m i l a ,  A n n . A cad. Sci. F en n ., Ser. A 3 , 5 9 ,  3  ( 1 9 4 2 ) ;  C hem . 
A bstr ., 3 8 , 6 1 7 2 b  ( 1 9 4 4 ) .  '  J .  F .  N o r r i s  a n d  A .  A .  A s h d o w n ,  J. Am . 
C h em . S oc., 4 7 ,  8 3 7  ( 1 9 2 5 ) ;  J .  F .  N o r r i s  a n d  F .  C o r t e s e ,  J. Am . 
C h em . S oc ., 4 9 ,  2 3 4 0  ( 1 9 2 7 ) .

Q  =  S ( a n a +  brip +  c n y +  d n ô +  i)  +  h  ( 2 8 )

where Q  is some quantity to be correlated, such as t h e  l o g a 

r i t h m  o f  a  r a t e  o r  e q u i l i b r i u m  c o n s t a n t .  T h i s  e q u a t i o n  

s i m p l i f i e s  t o

Q = a'nn + b’np + c'ny + i (29)



4000 J. Org. Chem., Vol. 43, No. 21,1978 C hartón

Table VII. Results of Correlation with (30) 0

set —a -b -c i Ra Fb « 1 2 ° «13C

1 0.985 0.0606 0.0374 0.114 0.9882 55.67« 0.577 0.518
2 0.815 0.0531 -0.0242 0.305 0.9798 32.00« 0.577 0.518
3 0.500 0.0688 -0.0329 1.056 0.9779 58.36 0.542 0.291
4 0.384 0.164 0.188 0.282 0.943 8.026' 0.806' 0.679
5 0.410 0.136 0.143 0.628 0.956 17.67« 0.732' 0.526
6 0.452 0.176 0.145 1.05 0.949 14.97' 0.732' 0.526
7 0.487 0.165 0.135 1.39 0.954 16.86« 0.732' 0.520
8 0.968 0.0822 -0.148 1.74 0.981 43.60 0.204 0.218
9 0.940 0.0955 0.0284 1.59 0.974 49.50 0.306 0.221

10 0.328 0.330 0.227 -0.101 0.926 18.12 0.536' 0.187
11 0.341 0.291 0.181 0.200 0.962 33.38 0.548 0.258
12 0.308 0.561 -0.322 1.320 0.951 18.92« 0.125 0.167
13 0.281 0.353 -0.0815 1.294 0.937 9.577m 0.183 0.165
14 1.04 0.106 0.0505 1.346 0.971 49.84 0.098 0.255
15 0.809 0.220 0.0545 2.704 0.959 53.66 0.000 0.082

set r 2  3C o d öa Sbd scd Sid 100r2 « nf
1 0.000 0.0867 0.112 0.0832* 0.0570* 0.231* 97.66 8
2 0.000 0.100 0.130' 0.0962'' 0.0660* 0.268' 96.00 8
3 0.158 0.0993 0.0402 0.0423* 0.0475* 0.0759 95.63 12
4 0.548 0.0951 0.0951m 0.135'' 0.0990* 0.247' 88.92 7
5 0.159 0.0783 0.07051 0.0734* 0.0487 m Q.176" 91.38 9
6 0.159 0.0909 0.0818' 0.0852' 0.0565' 0.205' 89.98 9
7 0.159 0.0973 0.0876' 0.0913* 0.0605' 0.219' 91.00 9
8 0.267 0.215 0.0910 0.113' 0.182' 0.174 96.32 9
9 0.383 0.178 0.0793 0.0966' 0.0877 * 0.145 94.89 12

10 0.454 0.224 0.116m 0.120" 0.140* 0.166* 85.79 13
11 0.471 0.145 0.0777' 0.0777' 0.0952' 0.108* 92.60 12
12 0.000 0.251 0.101m 0.0801 0.269' 0.195 90.44 10
13 0.204 0.164 0.0695" 0.0862" 0.181* 0.133 87.88 8
14 0.292 0.255 0.0869 0.129' 0.120* 0.187 94.32 13
15 0.375 0.190 0.0663 0.0725' 0.0728' 0.126 92.00 18

°  M u l t i p l e  c o r r e l a t i o n  c o e f f i c i e n t .  b F  t e s t  f o r  s i g n i f i c a n c e  o f  c o r r e l a t i o n .  c P a r t i a l  c o r r e l a t i o n  c o e f f i c i e n t s  o f  n „  o n  riß, n „  o n  m y , 
a n d  riß o n  ny. d S t a n d a r d  e r r o r s  o f  t h e  e s t i m a t e ,  a, b, c, a n d  i. e P e r c e n t  o f  d a t a  a c c o u n t e d  f o r  b y  c o r r e l a t i o n  e q u a t i o n ,  f  N u m b e r  o f  

p o i n t s  in  s e t .  «  9 9 .5 %  C L .  h 2 0 .0 %  C L . 1 9 9 .0 %  C L .  '  5 0 .0 %  C L .  *  8 0 .0 %  C L . '  9 0 .0 %  C L .  m 9 5 . 0 %  C L .  "  9 8 .0 %  C L .  °  S u p e r s c r i p t s  i n d i c a t e  

c o n f i d e n c e  l e v e l s  o f  F ,  “ s t u d e n t  t ”  t e s t  o f  a, b, c, i, a n d  o f  r .  N o  s u p e r s c r i p t  i n d i c a t e s  9 9 .9 %  C L  f o r  F  o r  t h e  “ s t u d e n t  t ”  t e s t ,  < 9 0 . 0 %  

C L  f o r  r.

Table VIII. Values of PB
set Pa Pb Pc

1 91.0 5.60 3.45
2 93.9 6.1
3 87.9 12.1
4 52.2 22.3 25.5
5 59.5 19.7 20.8
6 58.5 22.8 18.8
7 61.9 21.0 17.2
8 92.2 7.8
9 88.4 8.98 2.67

10 35.5 40.0 24.5
11 41.9 35.8 22.3
12 35.4 64.6
13 44.3 55.7
14 86.9 8.86 4.22
15 74.7 20.3 5.03

We may now examine the application of equations such as eq
29. In order to provide a good test of the applicability of this 
type of correlation we have examined a wide range of reaction 
types. They include rate constants for nucleophilic substitu
tion of benzyl chloride by alkoxide ions and of allyl bromide 
and l-chloro-2,4-dinitrobenzene by alkylamines for alkaline 
hydrolysis of ethyl 4-nitrophenyl alkyl phosphonates, C- 
substituted amides, O-substituted esters and PhCAk'Ak'CN, 
acidic hydrolysis of C-substituted amides, and finally for re
actions of alcohols with 4-nitrobenzoyl chloride.

The data used in the correlations are set forth in Table VI. 
As the data available were insufficient to provide a test of the

effect of branching at the 6 atom, the correlation equation used 
was

Q = a'na + b'np + c'ny + i' (30)

Results of the correlations are set forth in Table V II. In the 
case of sets 10 and 11, a justification of this equation is nec
essary. In these sets the substrate has the form XCN where 
CN is the active site and X  may be written Z°Z1Z2C where Z1 
and Z2 are alkyl groups or H  and Z° is a constant substituent, 
in this case a phenyl group.

We have shown elsewhere that a single sp3-hybridized 
carbon atom suffices to prevent the existence of a delocalized 
electrical effect. Then we may write as a correlation equation 
for these sets

Qx = L(a i,z° + cq.z1 + o'i .z2) +  svx +  h (31)

We have presented evidence which indicates that <TiAk is 
constant, with an average value of -0.01 ±  0.02,13 that is, alkyl 
groups do not have a variable localized electrical effect.13’14 
For H, <xi = 0.00. Thus, o%Ak and <tih  are essentially equal. I t  
then follows that = <ry/,. = constant. As S° is constant 
throughout, rs\;ns is constant and L £  ay/, is constant, then

Qx = Svx + h (32)

where h' = h +  \z-
We have demonstrated that for a substituent of the type 

WZaZ2 we may write

ewz'z2 = wecHZiz2 + b (33)
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where W is some constant atom or group of atoms. Extending 
this relationship we obtain

L,z°z1z2c = rt"iuzlz8CH = b (34)

Substituting eq 34 in eq 32 we obtain

Q = Smi/ziz3cH 4" Sb + h' (35)

or

Q = S'vx i + h" (36)

where X 1 is Z ^ C H . Then on substituting eq 8 into eq 36 we 
obtain, after simplification, eq 30.

A ll of the sets studied gave significant correlations with eq
30. Significant branching effects at the a carbon atom were 
observed in all of the sets studied. Six sets (6, 10-13, 15) 
showed significant branching effects at the (3 carbon atom, and 
sets 5-7 and 11 showed significant branching effects at the y 
carbon atom. The first conclusion we may reach is that for the 
use of eq 30 in determinating the effect of alkyl branching on 
reactivity, sufficient variation at the 0 and y carbon atoms is 
required to permit conclusions to be drawn. The interpreta
tion of the branching effects can be simplified by considering 
the quantities:

where n is a', b', or c'. These quantities are reported in Table
V III. When c differed in sign from a' and b' we assumed that 
it was an artifact and considered only a' and b' in the calcu
lations of Pn. Those sets which differed only in temperature 
provide a test for the variation in Pn to be expected when 
steric requirements of the transition state are essentially the 
same. Consideration of the Pn values for sets 1 and 2,4-7, and 
11 and 12 indicates that Pn values for reactions passing 
through the same type of transition state may differ by as 
much as about 10%. Certain patterns of behavior emerge from

our examination of the Pn values. Thus, the reactions of alk- 
ylamines with allyl bromide and w ith l-chloro-2,4-dinitro
benzene show the same type of behavior w ith  substitution at 
the a carbon atom being by far predominant in determining 
the steric effects. The acid- and base-catalyzed hydrolysis of 
amides show about the same dependence of the steric effect 
on branching. The reaction of alkoxide with benzyl chloride 
shows predominance of a substitution w ith  significant and 
equal effects of /3 and y substitution. Overall, the results show 
that the steric effect of an alkyl group depends on the degree 
of branching, and the nature of the dependence varies from 
one reaction to another. This observations supports the con
cept that the steric effect of an alkyl group is dependent on 
the geometry of the transition state. I t  leads to the very im 
portant conclusion that no one set of steric parameters for 
alkyl groups w ill work for all types of reactions.

References and Notes
(1) M. Charton, J. Am. Chem. Soc., 97 , 1552 (1975).
(2) M. Charton, J. Org. Chem., 41, 2217 (1976).
(3) M. Charton, J. Org. Chem., 42, 3531 (1977).
(4) M. Charton, J. Org. Chem., 42, 3535 (1977).
(5) M. Charton and B. I. Charton, J. Org. Chem., 43, 1161 (1978).
(6) M. Charton, J. Am. Chem. Soc., 97 , 3694 (1975).
(7) M. Charton and B. I. Charton, J. Org. Chem., 43, 2383 (1978).
(8) K. Bowden and K. R. H. Woolridge, Biochem. Pharmacol., 22, 1015 

(1973).
(9) M. S. Newman, “ Steric Effects in Organic Chemistry” , M. S. Newman, Ed., 

Wiley, New York, N.Y., 1956.
(10) V. A. Rybkov, V. Y. Gankin, and B. L. Gurevich, Zh. Prikl. Khim. (Leningrad), 

48, 694 (1975); Chem. Abstr.. 82, 138869 (1975).
(11) C. K. Hancock, E. A. Myers, and B. J. Yager, J. Am. Chem. Soc., 83, 4211 

(1961).
(12) V. A. Palm, “Fundamentals of the Quantiative Theory of Organic Reactions”, 

Khimiya, Leningrad, 1967.
(13) M. Charton, Prog. Phys. Org. Chem., in press.
(14) M. Charton, J. Am. Chem. Soc., 99 , 5687 (1977).
(15) A correlation of gas phase relative proton affinities of alkylamines with 

cri,aikyi values has been reported: R. W. Taft and L. S. Levitt, J. Org. Chem., 
42, 917 (1977). We suspect the validity of the a, constants used in this 
correlation because they were not derived from data sets which included 
substituent types other than alkyl groups.



4002 J. Org. Chem., Vol. 43, No. 21,1978 Idoux and Schreck

Alkaline Hydrolysis of Methyl Carboxylates, Alkyl Acetates, and 
Alkyl Carboxylates. Steric Effects in Carboxylic Acid 

Derivatives and Related Systems1

John P. Idoux*

D epartm ent o f Chem istry, Florida Technological U niversity, Orlando, Florida 32816

James 0. Schreck

D epartm ent o f Chem istry, U niversity o f N orthern Colorado, G reeley, Colorado 80639

R eceived April 3 ,1 9 7 8

T h e  s e c o n d - o r d e r  a l k a l i n e  h y d r o l y s i s  r a t e  c o n s t a n t s  f o r  n i n e  m e t h y l  c a r b o x y l a t e s  ( R C O O M e ) ,  n i n e  a l k y l  a c e t a t e s  

( M e C O O R 'l ,  a n d  n in e  i d e n t i c a l l y  s u b s t i t u t e d  a l k y l  c a r b o x y l a t e s  ( R C O O R ',  R  =  R ' )  h a v e  b e e n  d e t e r m i n e d  in  4 0 %  

a q u e o u s  p - d i o x a n e  a t  2 0  a n d  5 0  ° C .  T h e  v a r i a t i o n  in  r e a c t i v i t y  in  t h e s e  s e r i e s  i s  c o n t r o l le d  p r e d o m i n a n t l y  b y  s t e r i c  

e f f e c t s  o f  t h e  R  a n d  R '  g r o u p s .  T h e s e  e f f e c t s  a r e  a s  s i g n i f i c a n t l y  r e p r e s e n t e d  in  t e r m s  o f  E s a s  in  t e r m s  o f  vr f o r  v a r i 

a b l e  s u b s t i t u t i o n  in  t h e  a c y l  p o r t i o n  o f  e s t e r  m o l e c u l e s .  S i m i l a r  r e s u l t s  a r e  o b s e r v e d  w h e n  p r e v i o u s l y  r e p o r t e d  d a t a  

o n  a  v a r i e t y  o f  o t h e r  a c y l  s u b s t i t u t e d  c a r b o x y l i c  a c i d  d e r i v a t i v e s  a r e  e v a l u a t e d  in  t e r m s  o f  E a a n d  ¡>r . T h e  e f f e c t  o f  

v a r i a b l e  s u b s t i t u t i o n  in  t h e  n o n a c y l  p o r t i o n  o f  e s t e r  m o l e c u l e s  i s  a s  a d e q u a t e l y  r e p r e s e n t e d  in  t e r m s  o f  B sc- t y p e  p a 

r a m e t e r s  a s  in  t e r m s  o f  r - t y p e  p a r a m e t e r s .  H o w e v e r ,  f o r  m o s t  c a r b o x y l i c  d e r i v a t i v e s  R C X G R '  ( X  =  O  o r  S  a n d  G  

=  O , S ,  o r  N H ) ,  t h e  i n f l u e n c e  o f  n o n a c y l  g r o u p s  o n  a c y l  g r o u p  p r o p e r t i e s  i s  in  g e n e r a l  m o r e  s i g n i f i c a n t l y  r e p r e s e n t e d  

in  t e r m s  o f  c o r r e c t e d  s t e r i c  p a r a m e t e r s  ( E sc- t y p e )  t h a n  in  t e r m s  o f  i n d i v i d u a l  p g r ' p a r a m e t e r s  w h e r e  v v a l u e s  c h a n g e  

a s  G  c h a n g e s .  T h u s ,  t h e  n e c e s s i t y  f o r  s e t s  o f  s t e r i c  p a r a m e t e r s  d e r i v e d  f r o m  a  v a r i e t y  o f  d e f i n i n g  b a s i s  s e t s  a p p e a r s  

t o  b e  q u e s t i o n a b l e .

The study of steric substituent effects and their influence 
on molecular properties have been of interest for a consider
able period of time.2-4 The quantification of these effects was 
proposed originally by Taft2 in terms of the steric substituent 
parameter E s as determined from rate studies on the acid 
hydrolysis of acyl substituted esters (RCOOR', R' is constant). 
In an attempt to refine the steric substituent parameter, 
Hancock and his co-workers5 determined a set of steric pa
rameters (Esc) corrected for hyperconjunction effects and 
applicable to the alkyl portion of carboxylate esters. The ap
plication of the Es and Esc parameters to a variety of chemical 
systems has since provided a considerable amount of infor
mation regarding the influence of steric effects, and many of 
these studies have provided useful quantitative relationships 
in terms of these parameters.3 More recently, Charton6® has 
demonstrated the linearity of T a ft’s original Es values with 
van der Waals radii and has defined6b new steric substituent 
constants (vx) in terms of the van der Waals radii of the X  
groups. These new values have then been used to assess the 
effect of steric factors on a variety of rate, equilibria, and 
physical data.7a-b However, while the latter results are of in 
terest, no assessment of the valid ity or necessity of the more 
established steric parameters has been attempted relative to 
the new vx values. Such an assessment is particularly impor
tant relative to carboxylic acid derivatives which are the de
fin ing basis set for all of the steric parameters. That is, while 
all E s-type parameters are derived from acyl substituted 
carboxylate esters, vx values were calculated in itia lly  for 
groups substituted only in the acyl portion of carboxylate 
esters w ith additional sets of values (vg x )  being required for 
the nonacyl portion of these derivatives and for each different 
type of nonacyl G moiety. Thus, i t  appeared to be of interest 
to investigate the applicability of the various steric parameters 
via data on closely related carboxylate systems under identical 
reaction conditions. The present paper reports the results of 
such a study based on our determinations of the alkaline hy
drolysis rate constants in 40% aqueous p-dioxane at 20 and 
50 °C for a series of identically substituted alkyl acetates 
(MeCOOR'), methyl carboxylates (RCOOMe, R = R' of ace
tates), and alkyl carboxylates (RCOOR', R = R'). Also in 
cluded for comparison is the evaluation in similar terms of

0022-3263/78/1943-4002$01.00/0

previously reported data on other carboxylic acid deriva
tives.

Results and Discussion
The second-order alkaline hydrolysis rate constants (log 

k, L  mol-1 m in-1) at 20 and 50 °C in 40% aqueous p-dioxane 
for the methyl carboxylates, alkyl acetates, and alkyl car
boxylates are reported in Table I  along with a number of steric 
parameters for various R and R' groups.

Effect of Variable Steric Factors in the Acyl Portion 
of Carboxylic Acid Derivatives. Inspection of the data in 
Table I  for the methyl carboxylates (RCOOMe) indicates a 
relative order of reactivity in accord w ith the variable steric 
factors of the R groups as represented by Es or vr. Correlation 
analyses3’8 of these data give eq 1 and 2 (for data at 20 °C) and 
eq 3 and 4 (for data at 50 °C).

log k = 0.83 + 0.93ES, r2 = 99.3%, s = 0.045 (1)

« 0 . 0 0 1 )

log k = 1.86 -  1.99eR, r 2 = 99.1%, s = 0.052 (2)

« 0 . 0 0 1 )

log k = 1.55 +  0.91ES, r 2 = 98.3%, s = 0.071 (3)

« 0 . 0 0 1 )

log k = 2.56 -  1.95cr , r2 = 98.0%, s = 0.075 (4)

« 0 . 0 0 1 )

The significance of the various equations is essentially iden
tical and indicates that variable steric effects in the acyl por
tion of this particular series are as adequately represented in 
terms of Es as in terms of vr. Additional confirmation of this 
result is provided by the correlations reported in Table I I  
which involve rate data for for the formation or hydrolysis of 
a variety of carboxylic acid derivatives RCOGR' (R variable, 
R' constant, G = O, S, or NH). That is, inspection of these data 
reveals that the effect of variable steric factors from the acyl 
portion of carboxylic acid derivatives is independent of the 
nature of G and can be represented as significantly by Es as

© 1978 American Chemical Society
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Table I. Second-Order Alkaline Hydrolysis Rate Constants (log k,  L mol- 1  m in "1) at 20 and 50 °C in 40% Aqueous p-  
Dioxane and Steric Parameters for R and R for Methyl Carboxylates (RCOOMe), Alkyl Acetates (MeCOOR'), and Alkyl

Carboxylates (RCOOR')

log k for log k for log k for
RCOOMe at_____________ MeCOOR' at____________ RCOOR' (R -  R) at.

R or R'
registry registry registry E sc-

no. 20 °C CP o o o no. 20 °C ooto no. to o o o 50 °C £S(R)° E,HR')b (CH2R')c m d ÔR'6
Me 79-20-9 0.9028 1.6555 0.9028 1.6555 0.9028 1.6555 0 0 -0.38 0.52 0.36Et 554-12-1 0.7651 1.4600 141-78-6 0.5858 1.2718 105-37-3 0.3879 1.0660 -0.07 -0.38 -0.67 0.53 0.48n-Pr 623-42-7 0.4754 1.2648 109-60-4 0.4530 1.1300 105-66-8 -0.0981 0.6086 -0.36 -0.67 -0.70 0.63 0.56i-Pr 547-63-7 0.3560 1.0483 108-21-4 -0.1267 0.6175 617-50-5 -1.1440 -0.4468 -0.47 -1.08 -1.24 0.73 0.75n-Bu 624-24-8 0.4267 1.1045 123-86-4 0.3788 1.0649 591-68-4 -0.2574 0.4486 -0.39 -0.70 -0.71 0.68 0.58i-Bu 556-24-1 -0.0795 0.6726 110-19-0 0.2742 0.9927 589-59-3 -0.8755 -0.1728 -0.93 -1.24 -0.74 0.98 0.62s-Bu 868-57-5 -0.2012 0.5419 105-46-4 -0.4167 0.3412 869-08-9 -2.2205 -1.2931 -1.13 -1.74 -1.36 1.02 0.86i-Bu 598-98-1 -0.5700 0.1838 540-88-9 -1.4553 -0.5583 16474-43-4 -3.7768 -3.1838 -1.54 -2.46 -2.05 1.24 1.22
° Reference 2. b Reference 5. c Calculated from £SC(R') assuming -O- equivalent to -CH2 . d Reference 7. e Reference 19.

Table II. Results of Correlation Analysis of Rate Data 
for the Formation and Hydrolysis of Carboxylic Acid 

Derivatives, RCOGR' (R variable, R' constant, G = O, S, 
_________________________ or N H )a

set
parameter
coefficient

r 2,% s ts nb
IX e -1.83 98.8 0.047 <0.001 9
1Y 0.984 99.6 0.029 <0.001 9
2Xd -1.95 99.9 0.016 <0.001 17
2Y 0.90 99.1 0.054 <0.001 17
3XC -1.25 97.5 0.061 <0.001 6
3Y -0.59 98.7 0.044 <0.001 6
4Xf -2.20 99.0 0.052 <0.001 9
4Y 0.93 99.0 0.051 <0.001 9
5Xg -2.59 97.5 0.157 <0.001 8
5Y 1.28 98.5 0.122 <0.001 8
6X5 -2.59 98.6 0.137 <0.001 8
6Y 1.28 98.7 0.129 <0.001 8
7X‘ -1.75 96.8 0.091 <0.001 9
7Y 0.93 96.9 0.090 <0.001 9
8Xi -1.87 94.8 0.082 <0.001 10
8Y 0.86 93.4 0.093 <0.001 10
9X* -2.13 98.0 0.083 <0.001 8
9Y 0.99 98.0 0.084 <0.001 8
0 Correlations using v are designated X  and those using Es are 

designated Y. b Number of compounds in data set. c RCOOEt 
+ H2O in 70% MeAC-H20 at 44.7 °C/HC1 from G. Davies and D. 
P. Evans, J. Chem. Soc., 339 (1940). d RCOOH + MeOH at 50 
°C/MeOH-HCl from H. A. Smith, J. Am. Chem. Soc., 61, 254 
(1939); 62,1136 (1940). e RC00C6H4N02"4 + H20  at 30 üC/HzO 
from T. H. Fife and D. M. McMahon, ibid. 91, 7481 (1969). f RCOOMe + H20 in MeOH-H20  at 25 °C/HC1 from M. H. 
Palomaa et al., Ber., 69B, 1338 (1936); 68, 887 (1935); Suom. Kemistil. B, 19,85 (1946); ibid., 19,53 (1946). * RCOOEt + HO" 
in 70% MeAc/H20 at 35 °C from G. Davies and D. P. Evans, J. Chem. Soc., 339 (1940). h RCOOEt + HO" in 85% El O il IDO 
at 25 °C from H. A. Smith et al., J. Am. Chem. Soc., 61, 1172 
(1939); 62, 1556, 2324, 2733 (1940); 64, 2362 (1942). ' RCONH2 
+ H30+ in H20 at 75 °C from A. Bruylants and F. Kezdy, Ree. Chem. Prog., 21,213 (1960); P. D. Bolton, Aust. J. Chem., 19,1013 
(1966).J RCONH2 + HO" in H20 at 75 °C from P. D. Bolton and
G. L. Jackson, Aust. J. Chem., 24,969 (1971). k RCOSMe + HO" 
in 40% dioxane-H20  at 35 °C from J. P. Idoux, P. T. R. Hwang, 
and C. K. Hancock, J. Org. Chem., 38, 4239 (1973).

by ini. An additional point of interest concerning the com
parison of Es and cr involves R groups of the type XCH2CH2 
where X  = O, S, Cl, and I. Such groups have been described13 
as having “ unexpectedly large cr values”  (compared to XC H 2 
and X(C H 2)3  groups) due to the importance of a structure 
such as I in which the protonated ester is assumed to be sta
bilized and thus less reactive to attack by a water molecule.

O M e

CH , OH

C H 2

I
However, when such groups are viewed in terms of Es, this 
explanation is unnecessary. For carboxylic acids and esters, 
Newman14 has demonstrated that the six number of a sub
stituent (i.e., the number of atoms in the six position from the 
carbonyl oxygen atom as atom number one) makes a large 
contribution to the total steric effect of that substituent and 
is thus an important factor in considering the esterification 
of carboxylic acids and the hydrolysis of the corresponding 
esters. The Es value for a substituent, as defined by Taft,2 is 
the total steric effect for a substituent and includes the steric 
six-number effect. The influence of a six-number effect on 
reactions which involve addition to a carbonyl function has 
been expanded15 to include the attacking group so that groups 
in the substrate which interfere with the addition reaction are 
separated from the attacking group in the transition state by 
four atoms. Thus the influence of XCH2CH2 groups is not 
unexpectedly large but rather, as shown in structure II, is

H

x :6 C
„OM e

OH

II
expected when considered in terms of a six-number effect 
between unshared electron pairs on the oxygen of a water 
molecule as position 1 and unshared electron pairs on X  as 
position 6. For XCH2 and X(C H 2)3  groups in an aliphatic 
chain with normal bond lengths and bond angles,16’17 un
shared electron pairs on X  would occupy the less effective 5 
or 7 positions. Other interesting examples of the influence of 
six-number effects on esterification by alkylation of carbox- 
ylate salts17 and on esterification of alkyl substituted acetic 
acids18 have recently been reported.

Effect of Variable Steric Factors in the Nonacyl Por
tion of Carboxylic Acid Derivatives. Inspection of the data 
in Table I for the alkyl acetates (MeCOOR') indicates that the 
relative order of reactivity (with the exception of R' = i-Bu) 
is identical to that for the methyl carboxylates while the ab
solute reactivity of any particular acetate is less in each case 
(with the exception of R = R' = i-Bu) than that of the corre- 
sonding carboxylates. As expected, the.quantitative analysis 
of the acetate data in terms of Es or vr* leads to poorer overall 
correlations than that in terms of Esc (Table III). However,
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Table III. Results of Correlation Analysis of Alkyl 
Acetate Data (Table I) with E „  i'ir, and E sc

steric
parameter

parameter
coeff

r 2,
% s ¿S

Es 1.24° 81.9 0.34 0.003
1.15 82.1 0.31 0.003

"R' -2.66 81.3 0.35 0.004
-2.45 81.5 0.32 0.004

Esc 0.91 92.9 0.21 <0.001
0.84 93.7 0.18 <0.001a The first set of values in each case is for data at 20 °C and the 

second set is for data at 50 °C.

the latter correlation is considerably improved when the 
variable steric factors of the R' group are assessed in terms of 
E sc(CH2R') (eq 5 and 6, 20 and 50 °C, respectively).

log k = 1.42 + 1.37£sc(CH2R'), r2 = 98.5%, s = 0.098 (5)

( C 0 .0 0 1 )

log k = 2.05 + 1.26£sc(CH2R'), r 2 = 98.3%, s = 0.095 (6)

« 0 . 0 0 1 )

The latter constant is simply calculated from £ sc(R') assuming 
that the interposition of an oxygen between the carbonyl 
carbon and the R' group is approximately equivalent to that 
of a CH2 group. In a similar manner, row values have been 
determined by Charton19 for the R' group in the nonacyl 
portion of an ester. Analysis of the alkyl acetate data in terms 
of "or' (e<l  7 and 8, 20 and 50 °C, respectively) also leads to 
significantly improved correlations relative to that w ith vw-

log k = 1.96 -  2.77i'0r', r2 = 99.7%, s = 0.042 (7)

« 0 . 0 0 1 )

log k = 2.55 -  2.55i'or', r2 = 99.8%, s = 0.028 (8)
« 0 . 0 0 1 )

Similarly, either Esc(CH2R') or i/0r- provides the best repre
sentation of variable steric effects from the nonacyl portion 
of a carboxylate ester for the acid-catalyzed hydrolysis of alkyl 
acetates (set 1, Table IV) and for the formation of alky ben
zoates (set 2, Table IV). However, because of corresponding 
differences in bond lenghts and bond angles, the use of 
E sc(CH2R') or vor' does not adequately represent variable 
steric effect changes from the R' group for other carboxylic 
acid derivatives, RCOGR', in which R is constant, R' is vari
able, and G ^  O. For example, for N-monosubstituted amides 
(G = NH in RCOGR') we have demonstrated previously20 that 
R' groups exert a steric influence on the acyl portion of the 
molecule which is not accounted for solely by Esc. That is, 
groups in the seven position of R' (from the carbonyl oxygen 
as position one) affect the acyl portion of these molecules and 
provide an additional factor of importance when considering 
properties associated with the acyl portion. In  a similar 
manner, î hr ' constants have been determined21 for the R' 
group in the nonacyl portion of amides. Correlation analysis 
of a variety of chemical and physical properties of N-mono
substituted amides (RCONHR', R constant, R ' variable) in 
terms of Esc + H-7-no (the seven position effect of R ' in terms 
of the number of hydrogen atoms in the seven position of R') 
or in terms of ¡'nhr ' are reported in Table IV  (sets 3-8). In 
general, variable steric effects from the R ' portion of these 
molecules are as or more meaningfully represented in terms 
of Esc + H-7-no than in terms of i'nhr'- Presumably, one could 
determine row values for the R' group of any RCXGR' de
rivative, but those values would be applicable only to the de
fining basis set or to closely related systems. For example, a 
case in point is the correlations reported in set 8 of Table IV  
for the H 1 NM R substituent chemical shifts (SCS) of the acyl

Table IV. Results of Correlation Analysis of Rate and Physical Data for Carboxylic Acid Derivatives, RCOGR' (R
constant, R' variable, G = O, NH, or S)____________________________________

set steric parameters parameter coeff r 2, % s t s na
l 6 Esc(CH2R') 0.47 98.5 0.045 <0.001 5

"OR' -0.94 99.5 0.026 <0.001 5
2C ES%CH2R') 1.15 93.1 0.16 <0.001 10

"OR' -2.32 89.9 0.20 <0.001 10
3d Esc + H-7-no 0.64 +  0.051 97.1 0.060 <0.001 + 0.005 8

"NHR' -1.33 97.3 0.052 <0.001 84e Esc + H-7-no 0.90 +  0.056 98.4 0.056 <0.001 + 0.010 6
"NHR' -1.94 98.4 0.049 <0.001 6

5 f Esc + H-7-no 2.25 + 0.42 91.5 0.36 <0.001 +  0.003 8
"NHR' -3.97 70.7 0.61 0.008 8Esc +  H-7-no -1.53 + 0.48 90.4 0.49 <0.001 +  <0.001 14
^NHR' -2.43 77.1 0.57 0.001 10lh Esc +  H-7-no -4.52 +  0.52 99.8 0.17 <0.001 +  <0.001 5
"NHR' 15.38 98.6 0.42 <0.001 5

8‘ Esc +  H-7-no 2.62 +  0.70 90.0 0.64 0.005 +  0.005 6
"NHR' -3.79 38.7 1.35 0.200 6

9' Esc 0.30 92.0 0.076 <0.001 8
"SR' -0.87 defining basis set for ¡'sr-

10* Es + Esc 0.99 + 0.42 99.0 0.12 <0.001 + 0.001 7
" +  "SR' -2.00 + 1.27 99.5 0.09 <0.001 + <0.001 7

a Number of compounds in data set. b MeCOOR' + H + in H20  at 30.1 °C from T. C. Bruice and S. J. Benkovic, “ Bioorganic Mech
anisms” , Vol. 1, W. A. Benjamin, New York, N.Y., 1966, p 272. c ROH + 4-02NC6H4C0Cl in E t20  at 25 °C from J. F. Norris and A.
A. Ashdown, J. Am. Chem. Soc., 47, 837 (1925); 49, 2340 (1927). d MeCONHR' + H30+ in H20 at 75 °C from P. D. Bolton, J. Ellis, 
R. D. Frier, and P. C. Nancarrow, Aust. J. Chem., 25,303 (1972). e MeCONHR' + HO" in H20  at 75 °C from T. Yamana, Y. Mizukami,
A. Tsuji, Y. Yasuda, and K. Masuda, Chem. Pharm. Bull., 20, 881 (1972). < MeCOOMe + RNH2 in dioxane 5 M in (CH2OH)2 from
E. M. Arnett, J. G. Miller, and A. R. Day, J. Am. Chem. Soc., 72,5635 (1950). e *H NMR substituent chemical shifts for the acyl methyl 
protons of MeCONHR' from J. P. Idoux, J. M. Scandrett, and J. A. Sikorski, ibid., 99, 4577 (1977). h Angle of rotation <j> about the 
N i-C „ bond of MeCONi(H)-CaHR'CONHMe from M. T. Cung, M. Marraud, and J. Neel, Jerusalem Symp. Quantum Chem. Biochem., 
5,69 (1973).1XH NMR substituent chemical shifts for the acyl methyl protons of MeCSNHR' from J. P. Idoux and A. Davis, unpublished 
results.} MeCOSR' + HO-  in 40% dioxane-H20  at 35 °C from J. P. Idoux, P. T. R. Hwang, and C. K. Hancock, J. Org. Chem., 38, 
4239 (1973). k RCOSR' + HO-  in 40% dioxane-H20  at 35 °C from reference in footnote j.
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methyl protons of a series of N-monosubstituted thioacet- 
amides (MeCSNHR'). That is, the variation in SCS in this 
series is adequately represented in terms of Esc + H-7-no for 
Rr while evaluation in terms of </ n h r '  constants gives a very 
poor correlation. In addition, a comparison of these data with 
those of set 6 in Table IV  provides a direct assessment of the 
influence of 7-position R' groups in these systems. The latter 
effects are obviously not accounted for by j' n h r '  and thus tend 
to be obscured by correlation analysis using j' n h r ' -  I f  the G 
heteroatom in RCXGR' is sulfur (MeCOSR', set 9 and 
RCOSR', set 10), there is an increase in distance between the 
acyl center and R' due to the larger van der Waals radius of 
the connecting sulfur atom. Thus, 7-position influence of R' 
becomes minimal and correlations simply in terms of Esc 
provide a good indication of the effect of R ' groups which can 
then be compared directly to other RCXGR' systems.

The examples cited above establish the usefulness of Esc- 
type parameters but more importantly serve to emphasize the 
use of correlation analysis as only a “ guide”  or “ tool”  in as
sessing the influence of variable steric effects w ithout at the 
same time neglecting the comparison of individual groups or 
systems.

Effect of Simultaneous Variable Steric Factors in the 
Acyl and Nonacyl Portion of Carboxylic Acid Deriva
tives. Inspection of the data in Table I for the alkyl carbox
ylates (RCOOR', R = R') indicates, as expected from analysis 
of the corresponding MeCOOR' and RCOOMe derivatives, 
that simultaneous, variable steric factors from the acyl and 
nonacyl portions of the molecules have a magnified effect on 
the reactivities. Correlation analyses of these data give eq 9 
and 10 (for the data at 20°) and eq 11 and 12 (for data at 50°) 
and confirm the earlier assessments in terms of Es and cr for 
R and E sc(CH2R') and vow for R'.

log k = 1.49 + 1.31ES + 1.61Esc(CH2R'),
« 0 . 0 0 1 )  « 0 . 0 0 1 )

R2 = 99.9%, s = 0.064 (9)

log k = 3.31 -  1.72 v R -  4.14cOR', R2 = 99.6%, s = 0.12
(0.008) «0.001) (10)

log k = 2.26 +  1.22« + 1.71Esc(CH2R'),
« 0 . 0 0 1 )  « 0 . 0 0 1 )

R2 = 99.7%, s = 0.096 (11)
log k = 4.02 -  1.48cr -  4.42c0r', R2 = 99.9%, s = 0.034

( < 0 .0 0 1 )  « 0 . 0 0 1 )  (1 2 )

However, while the significance of the various equations is 
statistically high and essentially identical, the differences 
between the coefficients of cr and vow in eq 10 and 12 are 
substantially larger than the corresponding differences from 
eq 2 and 7 and from eq 4 and 8. Thus, based solely on eq 10 and 
12, one would predict a substantial difference in the impor
tance and degree of simultaneous, variable steric effects from 
the acyl and nonacyl portions of these esters. A similar as
sessment in terms of Es and E sc(CH2R/) from eq 9 and 11 leads 
to more reasonable acyl/nonacyl contributions when com
pared to eq 1 and 5 and eq 3 and 6.

Summary
The comparative correlations reported in this study dem

onstrate that the influence of variable steric effects in the acyl 
portion of a carboxylic acid derivative can be assessed as well 
in terms of Es as in terms of v. However, certain substituents 
(e.g., flexible XC H 2CH2, X  = O, S, Cl, and I) appear to have 
an exhalted steric influence when considered in terms of v 
values. For these groups, their influence is better treated in 
terms of Es and individual considerations of six-number ef
fects. On the other hand, the influence of variable steric effects

originating from the nonacyl portion of a carboxylic acid de
rivative and the influence of simultaneously variable steric 
effects from the acyl and nonacyl portions of these derivatives 
are more properly treated in terms of « -typ e  parameters. In 
particular, the valid ity and importance of Esc-type parame
ters, as proposed by Hancock,5 appear to be clearly estab
lished. These parameters have the additional advantages 
(relative to the various v values) of having been derived from 
a single, common defining basis set and of being applicable 
to the study of variable steric effects in non-carboxylic acid 
systems.3 Thus, the necessity for sets of steric parameters 
derived from a variety of defining basis sets appears to be 
questionable. More importantly, the nature of the correlations 
reported in this study serves to emphasize the fact that cor
relation analysis should be relied upon only as a “ guide”  or 
“ tool”  in assessing variable steric effects and should not be 
relied upon to replace the direct comparison of groups or 
systems whereby more meaningful indications of differences 
and/or deviations can often be obtained.

Experimental Section
The esters used in this study were either obtained commercially or 

were prepared by well known procedures. All of the esters were pu
rified by distillation to constant boiling points in agreement with 
previously reported values.22

The second-order alkaline hydrolysis rate constants reported in 
Table I are the average of at least three determinations and were de
termined conductiometrically as described previously in detail.5 The 
average deviation from the mean of replicate rate constant values did 
not exceed 1.5% except in the following cases: at 20 °C, EtCOOEt 
(1.6%), s-BuCOO-s-Bu (3.2%), t-BuCOO-i-Bu (3.8%); at 50 °C, n- 
PrCOOMe (2.0%), ¿-PrCOOMe (3.4%), n-BuCOOMe (2.1%), 
MeCOO-n-Bu (2.8%), EtCOOEt (2.7%), n-PrCOO-n-Pr (1.6%).

The statistical calculations were performed on an IBM 360-75 
computer using the Ohio State University interactive regression 
program MULREG.
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Solvolysis of 2-Oxiryl-2-propyl p-Nitrobenzoate.
Evidence on the Mode of Stabilization of the Oxirylcarbinyl Cation
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T h e  e f f e c t  o f  a  n e i g h b o r i n g  o x i r y l  g r o u p  o n  t h e  s t a b i l i t y  o f  a n  a d j a c e n t  d e v e l o p i n g  c a t i o n i c  c e n t e r  i s  m i n o r  in  c o m 

p a r i s o n  t o  a  c y c l o p r o p y l  g r o u p .  T h u s ,  a  n e i g h b o r i n g  oxiryl g r o u p  i n c r e a s e s  t h e  r a t e  o f  s o l v o l y s i s  b y  a  f a c t o r  o f  1 0  

o v e r  a n  a c y c l i c  a n a l o g u e .  B y  c o m p a r i s o n ,  a  n e i g h b o r i n g  c y c l o p r o p y l  p r o v i d e s  a  r a t e  e n h a n c e m e n t  o f  1 0 5  o v e r  a n  a c y 

c l ic  c o n t r o l .

There has been considerable interest in  the solvolytic be
havior of heterocyclic analogues of cyclopropylcarbinyl sys
tems. The effect of a neighboring oxirane has been studied by 
several workers.1-6 The oxirane ring can theoretically stabilize 
an adjacent cationic center by conjugative stabilization 
through its strained bonds and/or by participation of the 
nonbonded electrons on oxygen.1-6

However, the degree to which a neighboring oxirane group 
stabilizes an adjacent cationic center is in doubt. Reports have 
varied from a lack of significant participation to an oxirane 
group being almost as effective as a cyclopropyl group in sta
bilizing a cationic center.1-5'6 Therefore, a comparison of the 
rates of solvolysis of the 2-oxiryl-2-propyl system with a 
suitable reference system, 2-methyl-3-methoxy-2-butyl, which 
allows for the estimation of inductive effects and the partic i
pation by lone pair electrons on a d oxygen, and the 2-cyclo- 
propyl-2-propyl system w ith the 2,3-dimethyl-2-butyl system 
was undertaken.

Results
Synthesis. 2-Oxiryl-2-propyl p-nitrobenzoate (1) was 

prepared by the epoxidation of 2-methyl-3-buten-2-yl p- 
nitrobenzoate w ith m-chloroperbenzoic acid at 0 °C in 
methylene chloride. A t higher temperatures the oxiryl ring 
is opened by the m-chlorobenzoic acid which is formed in the 
reaction.

Rates. Rates of solvolysis were determined-titrimetrically 
in 80:20 acetone-water (v/v) by the procedure previously re
ported.7 The compounds followed first-order kinetics except 
for 2-oxiryl-2-propyl p-nitrobenzoate (1) which exhibited a 
decrease in rate after 20% reaction. Therefore, the in itia l rate 
constant was determined during the first 20% of the reaction. 
This deviation was due to side reactions as described below 
in the product study. The rate data appear in Table I.

Products of Solvolysis. Oxiranes undergo facile reactions 
w ith both electrophilic and nucleophilic reagents. As noted 
in the synthesis of 1, the presence of benzoic acid derivatives 
leads to opening of the oxiryl ring. Thus, during solvolysis of 
1, >50% rearranges to a secondary p-nitrobenzoate (via 
NMR). The formation of relatively unreactive secondary es
ters results in a decrease in rate.

Kinsman has reported that solvolysis of 2-oxiryl-2-propyl 
dinitrobenzoate gives a complex mixture of products.9 Be
tween 65 and 80% rearranges to 2,2-dimethyl-3-oxetanyl d i
nitrobenzoate. The products arising from solvolysis are 2,2- 
dimethyl-3-oxetanol and polymer (polyether). 2-Oxiryl-2-

propanol rearranges to triols under solvolytic conditions; 
however, none was reported in the reaction products.9

These results suggest that 2-oxiryl-2-propyl derivatives 
react via ring expansion to give secondary esters (ion pair re
turn) and oxetanols (hydrolysis by an ionizing mechanism in 
which the dinitrobenzoate acts as a leaving group).3-9

Discussion
The strained bonds in an oxiryl group have been reported 

to be almost as effective as the strained bonds of the cyclo
propyl group in stabilizing a cationic center.1-5 However, the 
strain energy in the oxiryl group is substantially less than in 
a cyclopropyl group.10

I f  neighboring group stabilization is important in a system, 
the rate of solvolysis must be greater than the unassisted rate 
of solvolysis estimated from reference compounds.11 Clearly 
the choice of a reference system which reacts w ithout stabi
lization is critical.7-12 The isopropyl group is a suitable model 
system for the cyclopropyl group because of similar steric 
requirements.13 On the other hand, the isopropyl group is a

Table I. Rate Constants in  80% Acetone

A i f * ,

p - n i t r o b e n z o a t e

t e m p ,

°C
k\,
s “ 1

k c a l

mol- 1
AS*

e u

2 , 3 - d i m e t h y l - 2 - b u t y l “  ( 3 ) 2 5 . 0 2 . 1 5  X 2 8 . 5 - 7 . 3
l O - i O t

2 - c y c l o p r o p y l - 2 - p r o p v l a  ( 2 ) 2 5 . 0 3 . 7 5  X 2 0 . 8 - 9 . 0

1 0 “ 5

2 - m e t h y l - 3 - m e t h o x y - 2 - b u t y l 1 5 0 . 0 1 . 9 7  X

(4) io~6
1 2 5 . 0 1 . 6 6  X

1 0 “ 6

2 5 . 0 1 . 3 2  X 3 2 . 5 - 3 . 8
10-126

2-oxiryl-2-propyl (1 ) 150.0 1.49 X
1 0 - 4 c

125.0 1.31 X

01oH

25.0 1.33 X (32) ( - 1 )
1 0 - H 6

0 R e f e r e n c e  8 . b C a l c u l a t e d  f r o m  d a t a  a t  o t h e r  t e m p e r a t u r e s .  

c I n i t i a l  ( 2 0 % )  r a t e  c o n s t a n t s .
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poor reference system for the oxiryl group because of the 
greater electronegativity of the oxygen which can decrease the 
rate as well as any participation by the nonbonded electrons 
on oxygen. Although neighboring alkoxy participation has 
been reported to be unimportant, i t  can decrease the rate of 
solvolysis.14 Therefore, the 1-methoxy-l-ethyl group was used 
as a reference system for the oxiryl group.

2-Cyclopropyl-2-propyl p-nitrobenzoate (2) solvolyzes 
175 000 times faster than 2,3-dimethyl-2-butyl p-nitroben
zoate (3). Thus, the strained carbon-carbon bonds in cyclo-

H.,C ch3
CH-

HaĈ
-C—OPNB

Ich3

r e l a t i v e  r a t e

3

1 .0

CH,
O—C—OPNB

CH3
2

1 7 5  0 0 0

propyl are playing a substantial role in the stabilization of the 
developing cationic center.

2-Oxiryl-2-propyl p-nitrobenzoate (1) reacts 10 times faster 
than 2-methyl-3-methoxy-2-butyl p-nitrobenzoate (4).

H,CO.
\

H :1C

CH-
CH;i

CH,
-OPNB

r e l a t i v e  r a t e

4

1 .0

CH-,
O.i> —C—OPNB

CH„
1

1 0 .1

Clearly the strained bonds in the oxiryl group are only con
tributing a minor amount of stabilization to the developing 
cationic center.

Conclusions
Using 4 as a model system for an indication of the inductive 

effect of the oxygen and any participation by the nonbonded 
electrons of oxygen14 on the rate, the strained oxirane bonds 
in 1 increase the rate of solvolysis by a factor of 10. Thus, these 
results indicate that the oxiryl group is substantially less ef
fective than a cyclopropyl group in stabilizing an adjacent 
cationic center. Indeed, the rate of solvolysis of 1 is 105 times

slower than the rate of solvolysis of 2 under similar condi
tions.

Experimental Section
2-Methyl-3-buten-2-yl p-nitrobenzoate w a s  p r e p a r e d  f r o m  2 -  

m e t h y l - 3 - b u t e n - 2 - o l  ( A ld r ic h  C h e m i c a l  C o .)  v i a  t h e  l i t h i u m  a l k o x i d e  

m e t h o d 7 ( 8 9 %  y i e l d ) ,  m p  1 1 5 . 5 - 1 1 6 . 5  ° C .

A n a l .  C a l c d  f o r  C 1 2 H 1 3 N 0 4: C ,  6 1 . 2 7 ;  H ,  5 .5 7 ;  N ,  5 .9 6 .  F o u n d :  C ,  

6 1 . 3 8 ;  H ,  5 .6 2 ;  N ,  6 .0 5 .

2-Oxiryl-2-propyl p-Nitrobenzoate. A  1 - g  ( 4 .2 5  m m o l)  a m o u n t  

o f  2 - m e t h y l - 3 - b u t e n - 2 - y l  p - n i t r o b e n z o a t e  in  5 0  m L  o f  m e t h y le n e  

c h lo r i d e  w a s  r e a c t e d  w i t h  7 .4 2  m m o l  o f  m - c h l o r o p e r b e n z o i c  a c i d  a t  

0  ° C  f o r  4 1  d a y s .  T h e  p r e c i p i t a t e d  m - c h lo r o b e n z o ic  a c i d  w a s  f i l t e r e d ,  

a n d  t h e  r e s i d u e  f r o m  t h e  m e t h y le n e  c h lo r id e  w a s  r e c r y s t a d i z e d  f r o m  

h e x a n e  t o  a  c o n s t a n t  m e lt in g  p o in t :  m p  6 2 - 6 3  ° C ;  N M R  (CDCI3 ) 5 1 . 6 3  

( s ,  6  H ,  C H 3 ) , 2 .8 6  ( d , J  =  2  H z ,  1  H ,  e p o x y  C H ) ,  3 . 4 3  ( t ,  J  =  2  H z ,  2  

H ,  e p o x y  C H 2) , 8 .2 7  ( d ,  4  H ,  O P N B ) .

A n a l .  C a l c d  f o r  C i 2 H 1 3 N 0 5: C ,  5 7 . 3 7 ;  H ,  5 . 2 1 ;  N ,  5 .5 8 .  F o u n d :  C ,  

5 7 . 4 3 ;  H ,  5 .3 0 ;  N ,  5 .4 7 .

2-Methyl-3-methoxy-2-butyl p-nitrobenzoate w a s  p r e p a r e d  

f r o m  2 - m e t h y l - 3 - m e t h o x y - 2 - b u t a n o l 1 5  v i a  t h e  l i t h i u m  a l k o x i d e  

m e t h o d  ( 8 5 %  y i e l d ) :  m p  9 0 . 0 - 9 1 . 0  ° C ;  N M R  ( C D C I 3 ) 5 1 . 2 3  ( d , J  =  
7  H z ,  3  H ,  C H 3) , 1 . 6 0  ( s ,  6  H ,  C H 3 ), 3 . 4 3  ( s ,  3  H ,  O C H 3) , 3 .8 0  ( q , J =  
7  H z ,  1  H ,  C H ) ,  8 . 2 3  ( d , 4  H ,  O P N B ) .

A n a l .  C a l c d  f o r  C 1 3 H 1 7 N O 5 : C ,  5 8 . 4 1 ;  N ,  6 . 4 1 ;  N .  5 .2 4 .  F o u n d :  C ,  

5 8 .3 6 ;  H ,  6 .3 7 ;  N ,  5 . 2 1 .

Registry N o— 1, 6 7 3 8 2 - 2 9 - 0 ;  2, 2 3 4 3 7 - 9 9 0 2 ;  3, 5 5 7 0 5 - 6 4 - 1 ;  4, 
6 7 3 8 2 - 2 8 - 9 ;  2 - m e t h y l - 3 - b u t e n - 2 - y l  p - n i t r o b e n z o a t e ,  3 5 9 4 5 - 6 7 - 6 ;  2 -  

m e t h y l - 3 - b u t e n - 2 - o l ,  1 1 5 - 1 8 - 4 ;  2 - m e t h y l - 3 - m e t h o x y - 2 - b u t a n o l ,  
6 7 3 8 2 - 3 0 - 3 .
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M e t h y l - c f a  i s o t o p e  e f f e c t s  a n d  p r o d u c t  c o m p o s i t i o n s  in  t h e  s o l v o l y s i s  o f  4 -endo- ( l b )  a n d  4 - e x o - 4 - m e t h y l p r o -  

t o a d a m a n t y l  d i n i t r o b e n z o a t e  ( 2 b )  a n d  l - m e t h y l - 2 - a d a m a n t y l  t o s y l a t e  ( 3 b )  w e r e  d e t e r m i n e d  in  6 0 %  a q u e o u s  d i o x -  

a n e .  A l l  t h r e e  e s t e r s  y i e l d  t h e  s a m e  f o u r  p r o d u c t s ,  4 - m e t h y l - 4 - p r o t o a d a m a n t e n e ,  4 - m e t h y l e n e p r o t o a d a m a n t a n e ,

4 - e x o - 4 - m e t h y l p r o t o a d a m a n t a n o l ,  a n d  l - m e t h y l - 2 - a d a m a n t a n o l ,  b u t  in  s i g n i f i c a n t l y  d i f f e r e n t  r a t i o s .  T h e  s u b s t i 

t u t i o n  p r o d u c t  w i t h  t h e  s k e l e t o n  o f  t h e  s t a r t i n g  e s t e r  i s  f o r m e d  p r e f e r e n t i a l l y .  T h e  t i t r i m e t r i c a l l y  d e t e r m i n e d  i s o 

t o p e  e f f e c t s  o f  1 b  ( 1 . 4 7 )  a n d  2 b  ( 1 . 3 0 )  a r e  l a r g e r  t h a n  t h e  “ t r u e ”  s e c o n d a r y  i s o t o p e  e f f e c t s ,  o w in g  t o  t h e  p r i m a r y  i s o 

t o p e  e f f e c t  c o n t r i b u t i o n .  T h e  c a lc u l a t e d  “ t r u e ”  v a l u e s  o f  t h e  s e c o n d a r y  m e t h y l - d 3 e f f e c t s  o f  l b  ( 1 . 3 7 ) ,  2 b  ( 1 . 1 6 ) ,  a n d  

3 b  ( 1 . 0 5 )  a r e  c o n s i s t e n t  w i t h  a n  a n c h i m e r i c a l l y  u n a s s i s t e d  s o l v o l y s i s  o f  l b  a n d  a n c h i m e r i c a l l y  a s s i s t e d  s o l v o l y s e s  

o f  2 b  a n d  3 b .  T h e  s u b s t i t u t i o n  p r o d u c t s  a r e  p r o b a b l y  f o r m e d  b y  c o l l a p s e  o f  t h e  s o l v e n t - s e p a r a t e d  io n  p a i r s  r a t h e r  

t h a n  b y  n u c l e o p h i l i c  a t t a c k  o n  t h e s e  io n  p a i r s .  T h e  e n d o  e s t e r  ( l b )  a p p e a r s  t o s o l v o l y z e  t h r o u g h  a  “ c l a s s i c a l ”  c a t i o n 

ic  s p e c i e s  w h ic h  t u r n s  s u b s e q u e n t l y  i n t o  t h e  s a m e  b r i d g e d  i n t e r m e d i a t e  a s  f o r m e d  f r o m  t h e  e x o  e s t e r  ( 2 b ) .  T h i s  i n 

t e r m e d i a t e  i s  s i m i l a r  t o ,  b u t  n o t  i d e n t i c a l  w i t h ,  t h e  i n t e r m e d i a t e  a r i s i n g  f r o m  3 b .

Interconversions of 2-adamantyl and 4-protoadamantyl 
substrates are well documented,3"8 but the mechanism of 
these reactions is s till controversial. Thermodynamically 
controlled reactions of 2-adamantyl and 4-protoadamantyl 
derivatives exclusively yield 2-adamantyl products3“5’8 since 
the protoadamantane skeleton is 11 kcal/mol more strained 
than the adamantane skeleton.R-9 However, kinetically con
trolled reactions produce both 2-adamantyl and 4-protoad
amantyl products.3“7 Schleyer,4’5 Whiting,3 and Lenoir6 
postulated the intermediacy of a common bridged 2-adam
antyl cation in the solvolyses of 2-adamantyl and 4-exo-pro- 
toadamantyl substrates, the degree of bridging being highly 
dependent on the substituent at positions 1 and 4, respec
tively. The solvolysis of unsubstituted 4-endo-protoadamantyl 
substrates may be anchimerically assisted,4 while the solvol
ysis of 4-endo-4-methylprotoadamantyl substrates appears 
to be unassisted5 but may lead indirectly by “ leakage”  to the 
bridged l-methyl-2-adamantyl cation. Recently, Farca§iu7 
questioned the intervention of bridged ions in the solvolyses 
of 1-substituted 2-adamantyl derivatives and suggested, as 
at least an equally plausible alternative, a rapidly equilibrating 
pair of the corresponding “ classical”  2-adamantyl and 4- 
protoadamantyl ions formed by lim iting ionization (k(j. Both 
of these interpretations are based on the product analyses and 
the substituent influence on the solvolysis rates of 2-adam- 
antyl and 4 protoadamantyl substrates. However, the reaction 
mechanism can be significantly altered by replacement of 
substituents in the neighborhood of the reaction center, so 
that a direct comparison of the results obtained with different 
substituents could be misleading.

In this work we studied the solvolysis mechanism of 4-endo- 
and 4-exo-4-methylprotoadamantyl and l-methyl-2-adam- 
antyl substrates by methyl-da isotope effects in combination 
w ith  product analyses. Isotopic substitution induces only 
small changes in rates and mechanisms108 compared w ith the 
gross effects caused by replacement of one substituent by 
another.

M e t h o d s  a n d  R e s u l t s

The starting materials 4-endo- (1I>h) and 4-exo-4-meth- 
ylprotoadamantyl dinitrobenzoates (2bn) and l-methyl-2- 
adamantyl tosylate (3bH), as well as their methyl-d3 analogues 
(lbp, 2bp, and 3bD), were obtained from the corresponding

alcohols by standard procedures.11 The purities of all esters 
were >96% (by JH NMR). 4-endo- (Ian,lap) and 4-exo-4- 
methylprotoadamantanols (2aH,2ap) were prepared by 
methyl Grignard addition88’*1 to 4-protoadamantanone12 
followed by column chromatography separation. Both 1- 
methyl-2-adamantanol (3an) and 1 -methyl-d.j-2-adamantanol 
(3ap) were obtained by sulfuric acid catalyzed isomerization

laH, X  =  O H ; R  =  C H :Î 

lan, X  =  O H ;  R  =  C D ;, 

l b H , X  =  O D N B ;  R  =  C H ,  

lbn. X  =  O D N B ;  R = C D ,

2  a n . X  =  O H  ; R  =  C H 3 

2 a n , X  =  O H ;  R  =  C D 3 

2 b H . X =  O D N B ;  R  =  C H , 

2 b n , X =  O D N B ;  R  =  C D ,

X -

3 a H , X  =  O H ;  R  =  C H 3 

3 a D) X  =  O H ;  R  =  C D 3 

3 b H , X  =  O T s ;  R  =  C H 3 

3 b n , X =  O T s ;  R = C D :,

of the respective mixtures of 4-endo- and 4-exo-4-methyl- 
protoadamantanols.

Esters lbn, lbp, 2bn, 2bp, 3bH, and 3bp were solvolyzed 
in 60% aqueous dioxane at 60 °C. The solvolysis rates were 
measured potentiometrically on an automatic recording 
pH-stat. For the product studies, the esters were solvolyzed 
through 8 half-lives in the presence of 2,6-lutidine; the re
sulting solutions of the products were diluted with dioxane 
and directly analyzed by a gas chromatograph coupled to a 
data processor using authentic samples as standards. The
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solvolysis rates and the methyl-d3 isotope effects are given in 
Table I, while the compositions of the solvolysis products are 
shown in Table II. Esters lb and 3b produced the same four 
products, 4-methyl-4-protoadamantene (4), 4-methylene- 
protoadamantane (5), 4-exo-4-methylprotoadamantanol (2a), 
and l-methyl-2-adamantanol (3a), in almost quantitative 
total yields. However, 2b produced, in addition to the solvol
ysis products 4, 5, 2a, and 3a, 15-20% (by 'H  NMR) of 1- 
methyl-2-adamantyl dinitrobenzoate13 by the internal-return 
reaction. In no case was 4-endo-4-methylprotoadamantanol 
(la) detected in the product mixture. A ll products were stable 
under the reaction conditions used.

Discussion
The methyl-<¿3 isotope effect of 4-endo-4-methylprotoad- 

amantyl dinitrobenzoate (lb; Table I) is one of the largest 
methyl-da effects ever observed, comparable w ith that of 2- 
methyl-2-adamantyl chloride.148 The effect of the exo d in i
trobenzoate (2b) is considerably smaller, while the effect of
l-methyl-2-adamantyl tosylate (3b) is very small but still 
“ normal”  (not inverse)! Such methyl-d3 isotope effects are 
consistent with the postulated5 intermediacy of an incipient 
bridged cation(s) in the solvolysis of 2b and 3b and the an- 
chimerically unassisted solvolysis of lb . However, the product 
compositions (Table II) indicate that the mechanism is more 
complex. A ll three esters (lb, 2b, and 3b) yield the same four 
solvolysis products, i.e., 4-methyl-4-protoadamantene (4),
4-methyleneprotoadamantane (5), 4-exo-4-methylpro- 
toadamantanol (2a), and l-methyl-2-adamantanol (3a), but 
in significantly different ratios, contrary to the results re
ported5-15 previously. Consequently, solvolyses of lb, 2b, and 
3b cannot lead to the same intermediate either directly from 
2b and 3b or indirectly from lb (“ leakage” ).

The elimination/substitution product ratio of the dinitro- 
benzoates (lb and 2b) is approximately three times larger than 
the ratio for the tosylate (3b; see Table II). This strongly in 
dicates that some elimination occurs in the tight ion pairs of 
lb and 2b, involving the rather basic dinitrobenzoate leaving 
group as a proton acceptor. W ith  the tosylate (3b), the low 
basicity of the counterion should highly reduce the elimination 
in the tigh t ion pair. This is consistent w ith the ratio of 4- 
methyleneprotoadamantane (5)/4-methyl-4-protoadaman- 
tene (4) determined in the solvolysis of the endo (lb) and exo 
dinitrobenzoates (2b). The ratio 5/4 is considerably larger for 
2b, which is expected5 to solvolyze through the bridged 
transition state and intermediate. Owing to the bridging in 
the tight ion pair of 2b, the methyl group should be tilted 
toward the exo side, coming close to the dinitrobenzoate group 
and favoring elimination. In the case of the endo dinitroben
zoate (lb), where no bridging is expected,5 the distance be
tween the methyl and the dinitrobenzoate group is larger. In 
addition, the dinitrobenzoate group in the tight ion pair of 2b 
is more removed from the methylene hydrogen at postion 5 
than in the case of lb. A ll of these effects should be consid
erably less pronounced in the solvent-separated ion pairs.

The relative amounts of 4-methyleneprotoadamantane (5) 
formed from the deuterio esters (lbu, 2bo, and 3bD> are, be
cause of the primary isotope effect, twice smaller than those 
formed from the protio analogues (lbn, 2bn, and 3bn). All 
other products (2a, 3a, and 4) arise in approximately equal 
amounts from both the deuterio and protio esters. I f  the 
elimination leading to 5 is a rate-determining process, the 
experimentally determined values of the isotope effects (Table 
I) are larger than the “ true”  methyl-d3 secondary isotope ef
fects. Since the tosylate group is a very weak base, i t  may be 
assumed that essentially all elimination from l-methyl-2- 
adamantyl tosylate (3b) occurs in the solvent-separated ion 
pair and is not a rate-determining process. Elim ination from 
the dinitrobenzoates (lb and 2b) occurs in both the tight and

Table I. Solvolysis Rates and Methyl-d3 Isotope Effects in
60% Aqueous Dioxane at 60 °C

Compd R k X 104, S“ 1 a-b{kii/kjTjexptl̂
BND(\

\ t
/y

s
c h 3 0.397 (5)

1.47 (5)

/ b 1 c d 3* 0.270 (8)

ib

[

R .ODNB

c h 3 4.62 (9)
1.30 (3)

/ t 7 CD3‘ 3.56 (6)

2b
R

TsO

) 6
c h 3 1.22 (1)

1.05 (1)

P
CD3c 1.16(1)

3b

0 Average values of 7-9 individual rate constants. b The 
uncertainties are standard errors; e.g., 0.397 (5) = 0.397 ± 0.005 
and 1.47 (5) = 1.47 ±  0.05. c Deuterium content was 99.5%.

solvent-separated ion pairs, while the substitution products 
of all three esters (lb, 2b, and 3b) are derived exclusively from 
the solvent-separated ion pairs (see later). Assuming that the 
fractions of the elimination products arising from the sol
vent-separated ion pairs of all three esters are essentially 
equal, fractions of the solvolysis products formed from the 
tight (x) and solvent-separated ion pairs (1 — x )  of d initro- 
benzoates lb and 2b can be calculated by

/ d n b  =  X  +  (1  -  x ) / t s ( 1 )

where / d n b  and / t s are the experimentally determined frac
tions of the elimination products (Table II)  derived from the 
corresponding dinitrobenzoates (lb and 2b) and tosylate 3b, 
respectively.

The “ true”  values of the methyl-<i3 secondary isotope effect, 
(/eH/feo)true- of 4-endo- (lb) and 4-exo-4-methylprotoadam- 
antyl dinitrobenzoates (2b) can be calculated from the ex
perimentally determined isotope effects, (&H/^D)expti (Table 
I), using the modified Shiner’s143 expression:

( /2 H /^ D )tru e  (^ H /^ D )e x p tl (1  X d ) / ( 1  X d ) (2 )

Fractions of the solvolysis products derived from the sol
vent-separated ion pairs of the respective protio (1 — xh ) and 
deuterio (1 — xd) dinitrobenzoates have been computed by 
expression 1. The obtained “ true”  values of the isotope effects 
(Table II I )  are in good agreement w ith the values of the 
methyl-c/'. secondary isotope effects estimated from the sol
volysis rate constants4-5 of the methyl-substituted (kcm) and 
unsubstituted (fen) esters using the SBS correlation:14

log (&h/ ^ d)sbs = 0.02024 log (kcHs/kn) (3)

The “ true”  values of the methyl-d3 /3-secondary isotope 
effect of 4-endo- (lb) and 4-exo-4-methylprotoadamantyl 
dinitrobenzoate (2b) are lower than the titrim etrica lly de
termined isotope effects (Table III), owing to the contribution 
of the rate-determining elimination. The magnitude of the 
“ true”  isotope effect of lb is close to the “ lim iting  value”  16 
for the methyl-d3 /3-secondary isotope effect and considerably 
larger compared w ith the “ true”  isotope effect of 2b. The 13- 
secondary isotope effects are generally reduced by positive 
charge delocalization in a solvolysis transition state since the
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Starting
Material

Table II. Solvolysîs Products in 60% Aqueous Dioxane at 60 °C
___________Products, % °

BNDOs ,R

[f c h 3 9.2 (3) 14.3 (3) 44.5 (4) 32.0 (4)

1
CD3 6 10.3 (3) 6.5 (3) 45.4 (4) 37.8 (4)

lb
R

*>
,ODNB

1 c h 3 5.8 (2) 23.0 (2) 46.4 (2) 24.8 (4)r
j

CD3fe 6.9 (2) 11.3 (2) 52.2 (3) 29.6 (3)

2 b

\
R

Ò c h 3 3.0 (2) 7.8 (4) 33.2 (9) 56.0 (7)

h c / CD3 5 4.2 (3) 5.2 (3) 42.5 (6 ) 48.1 (3)

3b

° Average values of 2-4 independent experiments with 5-10 GLC 
errors; e.g., 9.2 (3) = 9.2 ± 0.3. b Deuterium content was 99.5%.

Table III. Methyl-d3 Isotope Effects of 4 -en d o -(lb ) ,  4- 
exo-4-Methylprotoadamantyl Dinitrobenzoate (2b), and 
l-Methyl-2-adamantyl Tosylate (3b) Corrected for  the 

Primary Isotope Effect Contribution [(¿H/kphrue]

( k n /k n ) -  (k n /k -D )-
Compd c x p t i a  l - x H fe 1 -  xDb (kH/kD)truec S B S d

lb 1.47 0.86 0.92 1.37 (6 ) 1.39
2b 1.30 0.80 0.90 1.16 (4) 1.19
3b 1.05 1.0 1.0 1.05 (1) 1.06

a Methyl-cG isotope effects determined titrimetrically in 6 0 %  

dioxane at 6 0  °C (see Table I). b Computed by eq 1 .c Computed 
by eq 2 .  d Methyl-d3 secondary isotope effects estimated by the 
SBS correlation (eq 3); fcc,H3 and &h are calculated from the 
values4’5 at other temperates using for lb the conversion factor4 

f e o T s / h o D B N  =  2  X  1 0 7 .

hyperconjugative interaction is better the larger the electron 
deficiency at the reaction center. 16  Factors, other than a 
participation, which might possibly influence positive charge 
location in the transition state of 4-endo- and 4-exo-methyl- 
protoadamantyl substrates, would be essentially equal. 
Consequently, positive charge in the transition state of the exo 
dinitrobenzoate (2b) should be more strongly delocalized than 
that in the endo isomer ( 1 b). Both the exo C4-ODNB bond in 
2b and the endo C4-ODNB bond in lb are stereochemically 
well situated for c r  participation, i.e., antiperiplanar relative 
to the C2-C 3 and C3-Cg bonds, respectively. However, n par
ticipation is far more favored for the exo dinitrobenzoate (2b) 
since the bridging resulting from the C3-Cg bond participation 
would require a considerable distortion of the skeleton and 
the resulting bridged species would be a highly unfavorable 
intermediate between a secondary and a tertiary 4-protoad- 
amantyl cation . 1 7 ’ 18

The y-secondary deuterium isotope effect is generally in 
verse (ku/kj) < 1 ) i f  there is no special mechanistic compli

analyses of each product mixture. The uncertainties are standard

cation associated w ith the solvolysis. 10  However, the 
methyl-rig y-secondary isotope effect of l-m ethyl-2 -adam- 
antyl tosylate (3b) is significantly higher than unity; i.e., the 
effect is “ normal” , not inverse! Since the reaction center is at 
the y position relative to the deuterium atoms, no contribution 
of the primary isotope effect to the measured effect should be 
expected. (Elimination occurs in the solvent-separated ion 
pair and is not rate determining; see the preceding text.) 
Consequently, some positive charge must be located at the 0 
carbon relative to the deuterium atoms in the transition state 
of 3b. In other words, positive charge is delocalized between 
the carbon atoms at positions 1 and 2; the solvolysis of 3b is 
assisted by cr participation involving the Ci-Cg (C1 -C 9) bond 
anti to the C2-OTS bond.

Contrary to the solvolysis of 4-endo-4-methylprotoadam- 
antyl substrate (lb), the solvolyses of both 4-exo-4-methyl- 
protoadamantyl (2b) and l-methyl-2-adamantyl (3b) sub
strates are anchimerically assisted, but fractions of positive 
charge located at the carbon atom adjacent to the methyl 
group in the transition states of 2b and 3b are rather d iffer
ent.

The substitution products, 4-exo-4-methylprotoadaman- 
tanol (2a) and l-methyl-2-adamantanol (3a), of all three esters 
(lb, 2b, and 3b) are formed from the solvent-separated ion 
pairs. Nucleophilic attack on the tigh t ion pairs arising from 
tertiary substrates as well as from secondary 2 -adamantyl 
substrates19 is unlikely to occur owing to steric hindrance. The 
ratio of the substitution products 2a/3a depends on the 
structure of the starting ester (Table II). This ratio is con
siderably higher for 4-methyl-4-protoadamantyl dinitro- 
benzoates (exo, 1.9; endo, 1.4) than for l-methyl-2-adamantyl 
tosylate (0 .6 ), indicating a “ memory”  effect.

Both l-methyl-2-adamantyl tosylate (3b) and 4-exo-4- 
methylprotoadamantyl dinitrobenzoate (2b) solvolyze 
through tight and solvent-separated ion pairs involving a 
common bridged cationoid19“ resulting from the Ci-Cg and



Protoadamantyl-Adamantyl Rearrangement J. Org. Chem., Voi 43, No. 21,1978 4011

Scheme I

a T h e  t ig h t  io n  p a i r s .  * T h e  s o lv e n t - s e p a r a t e d  io n  p a i r s :

/ H - C t  .0
R + - S  -OTs a R + - ( T

n H - (T  x CtH,CH3
a n d

/ H  O .
R+ - S -  ODNB" =  R+ y  — C8Ho(NO.)2

H -0

c T h e  s o lv e n t  m a y  b e  “ i n c o r p o r a t e d ”  in t o  t h e  io n  p a ir .

C2-C 3 bond participation, respectively (see the preceding text 
and Scheme I). The preferential formation of the substitution 
product w ith the same structure as the starting ester (Table 
II) may be explained by the influence of the leaving group 
location in the solvent-separated ion pairs. The substitution 
products are probably formed by collapse of the solvent- 
separated ion pairs rather than by nucleophilic attack on these 
ion pairs. This is consistent w ith the prevailing retention of 
the configuration observed in the solvolyses of secondary 2 - 
adamantyl derivatives.20

\ r

K + !
' C - 0

/V

Æ - 0
\ y - - - A r

\ r
\  / C

— >  I +  A r X O O H

/  C

/

X  =  C  o r  S O

The relative amounts of the substitution products, 2a and 
3a, arising from the endo and exo dinitrobenzoates ( lb  and 
2b) are almost equal, suggesting that these products are 
formed from similar intermediates, solvent-separated ion 
pairs. The solvolysis course of 4-endo-4-methylprotoadam- 
antyl dinitrobenzoate (lb) could be interpreted (see Scheme 
I) by the initia l formation of an essentially “ classical” cationic 
intermediate (lc), which turns subsequently into a more stable 
bridged species Id by formation of the C2-C 4 bond and si
multaneous weakening of the C2-C 3 bond. The leaving group 
is located on the “ wrong” , endo side of the cationoid. However, 
this intermediate may isomerize rapidly into the isomer le  
with the leaving group on the exo side, which is “ identical” 2 1  

to the solvent-separated ion pair 2d formed from the exo d i

nitrobenzoate (2b). Therefore, i t  should yield the same sub
stitu tion products as 2b,22 The small difference in the sub
stitution product compositions of lb and 2b indicates that the 
substitution products of lb arise preferably (but not exclu
sively) from the intermediate le.

The formation of no 4-endo-4-methylprotoadamantanol 
(la) in the solvolyses of all three esters, lb, 2b, and 3b, is 
consistent w ith the bridging on the endo side and cannot be 
explained by the steric hindrance resulting from the hydrogen 
and carbon atoms neighboring the reaction center. Reduction 
of 4-protoadamantanone by L iA lH 4,4 as well as methyl Gri- 
gnard addition to this ketone,5 do not involve the bridged 
intermediates and yield both the exo and endo products.

Internal return generally occurs at the tight ion pair stage. 
According to the mechanism proposed, the internal return to 
l-m ethyl-2 -adamantyl dinitrobenzoate should be expected 
to be more important for the exo dinitrobenzoate (2b) than 
for the endo ester ( lb ) since the cationoid in the tight ion pair 
arising from 2b is bridged and that of lb is essentially “ clas
sical” . The experimental results agree well w ith these pre
dictions; solvolysis of 2b gave 15-20% of l-methyl-2-adam- 
antyl dinitrobenzoate, while solvolysis of lb yielded less than 
2 % ( if  any) of the rearranged ester.

In conclusion, we would like to point out that contrary to 
the solvolysis of 4-endo-4-methylprotoadamantyl substrate, 
the solvolyses of both 4-exo-4-methylprotoadamantyl and 
l-methyl-2 -adamantyl substrates are anchimerically assisted. 
Our results are consistent w ith the mechanism proposed by 
Schleyer5 and Lenoir6 and cannot be explained by the equil
ibrating pair of the “ classical”  l-m ethyl-2 -adamantyl and
4-methyl-4-protoadamantyl ions as suggested by Farcasjiu.7 

However, the real solvolysis mechanism is more complex than 
that postulated by Schleyer. A ll three substrates yield the 
same solvolysis products, but in significantly different ratios, 
contrary to the results reported5 previously. The substitution 
products with the skeleton of the starting substrate are pro
duced preferentially; these products are probably formed by 
collapse of the solvent-separated ion pairs rather than by 
nucleophilic attack on these ion pairs. The dinitrobenzoates 
yield considerably more elimination products than the tos- 
ylate, indicating that some elimination occurs in the tight ion 
pairs of the dinitrobenzoates involving the leaving group as 
a proton acceptor.

Experimental Section
General. D i o x a n e  ( p .a .)  w a s  p u r i f i e d  a s  d e s c r i b e d  p r e v i o u s l y . 23 

M e t h y l - d a  io d id e  ( M e r c k )  c o n t a in e d  > 9 9 %  o f  t h e  t h e o r e t i c a l  a m o u n t  

o f  d e u t e r i u m .  A l l  o t h e r  c h e m i c a l s  w e r e  a n a l y t i c a l  g r a d e .  M e l t i n g  

p o i n t s  w e r e  d e t e r m i n e d  o n  a  P e r k i n - E l m e r  I B  d i f f e r e n t i a l  s c a n n i n g  

c a lo r i m e t e r  a n d  a r e  u n c o r r e c t e d .  XH  N M R  s p e c t r a  w e r e  r e c o r d e d  o n  

a  V a r i a n  A - 6 0 A  s p e c t r o m e t e r  u s in g  C D C I 3 a s  s o lv e n t ,  I R  s p e c t r a  w e r e  

t a k e n  o n  a  P e r k i n - E l m e r  3 7 7  s p e c t r o p h o t o m e t e r ,  a n d  m a s s  s p e c t r a  

w e r e  o b t a i n e d  o n  a  V a r i a n  C H - 7  m a s s  s p e c t r o m e t e r .  G L C  a n a l y s e s  

w e r e  c a r r i e d  o u t  o n  a  V a r i a n  A e r o g r a p h  1 4 4 0  g a s  c h r o m a t o g r a p h  

c o u p le d  t o  a  P e r k i n - E l m e r  p r o c e s s o r  P E P - 1 .  D e u t e r iu m  c o n t e n t s  w e r e  

d e t e r m i n e d  b y  m a s s  s p e c t r o s c o p y .

4-en<fo-4-Methylprotoadamantanol (lair) and 4-exo-4- 
Methylprotoadamantanol (2an). A  c r u d e  m i x t u r e  o f  e p i m e r i c  4- 

m e t h y l - 4 - p r o t o a d a m a n t a n o l s  (Ian, 3 7 % ;  2an, 6 3 % )  w a s  o b t a i n e d  in  

9 8 %  y i e l d  b y  m e t h y l  G r i g n a r d  a d d i t i o n  t o  4 - p r o t o a d a m a n t a n o n e 12  

u s i n g  t h e  s t a n d a r d  p r o c e d u r e . 88'6 T h e  m i x t u r e  o f  a lc o h o ls  ( 2 2 6  m g )  

w a s  c h r o m a t o g r a p h e d  o n  4 0  g  o f  s i l i c a  g e l  u s i n g  b e n z e n e  w i t h  1 %  o f  

e t h e r  a s  e lu e n t .  P u r e  e p im e r ic  a lc o h o ls  I a n  a n d  2 a n  ( 2 :9 8 %  b y  G L C )  

w e r e  o b t a i n e d  in  2 7  ( 6 1  m g )  a n d  6 5 %  ( 1 4 7  m g )  y ie ld ,  r e s p e c t iv e ly .  T h e  

N M R  a n d  t h e  m a s s  s p e c t r a l  d a t a  w e r e  in  c o m p le t e  a g r e e m e n t  w it h  

t h o s e  r e p o r t e d  p r e v i o u s l y 5  f o r  t h e s e  a lc o h o ls .  I a n :  r a p  8 6 - 8 8  ° C  ( a f t e r  

s u b l im a t i o n  in  v a c u o ) ;  I R  ( K B r )  3 3 0 0  (s ) , 2 9 2 4  (s) , 1 4 6 2  (m ) , 1 3 7 2  (m ) , 

1 3 2 2  ( m ) , 1 1 3 0  ( m ) , 1 1 1 7  ( s ) , a n d  9 1 7  ( s )  c m - 1 . 2aH: m p  8 2 - 8 3  ° C  ( a f t e r  

s u b l i m a t i o n ) ;  I R  ( K B r )  3 3 6 0  ( s ) ,  2 9 2 0  ( s ) ,  1 4 5 8  ( m ) ,  1 3 7 0  ( m ) ,  1 1 0 0  

( m ) ,  1 0 9 0  ( m ) ,  9 1 4  ( m ) ,  a n d  8 4 6  (m )  c m - 1 .

4 - e n d o - 4 - M e t h y l - d 3 - p r o t o a d a m a n t a n o l  ( l a p )  a n d  4 -e x o -4 -  
m e t h y l - d s - p r o t o a d a m a n t a n o l  (2 ap) w e r e  p r e p a r e d  in  t h e  s a m e
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m a n n e r  a s  t h e  p r o t io  a n a lo g u e s .  T h e  p u r i t y  o f  I a n  a n d  2 a n  w a s  h ig h e r  

t h a n  9 9  a n d  9 7 %  ( b y  G L C ) ,  r e s p e c t i v e l y ;  t h e  d e u t e r i u m  c o n t e n t  o f  

b o t h  a l c o h o l s  w a s  9 9 .5 %  o f  t h e  t h e o r e t i c a l  a m o u n t  o f  d e u t e r i u m .

l-Methyl-2-adamantanol (.Ian). A  c r u d e  m i x t u r e  o f  l a H  a n d  2 a H  

( 9 0  m g , 0 .5 4  m m o l)  w a s  d i s s o lv e d  in  4  m L  o f  8 0 %  a q u e o u s  a c e t o n e ;  o n e  

d r o p  o f  c o n c e n t r a t e d  H 2 S O 424  w a s  a d d e d ,  a n d  t h e  r e a c t i o n  m i x t u r e  

w a s  r e f l u x e d  f o r  3 0  min. T h e  r e s u l t i n g  s o l u t i o n  w a s  c o n c e n t r a t e d  in  

v a c u o  a n d  e x t r a c t e d  w i t h  e t h e r  ( 3  X  2 0  m L ) ,  t h e  c o m b i n e d  e x t r a c t s  

w e r e  w a s h e d  w i t h  w a t e r  a n d  d r i e d ,  a n d  t h e  s o l v e n t  w a s  e v a p o r a t e d .  

T h e  c r u d e  p r o d u c t  w a s  s u b l i m e d  t o  g iv e  8 0  m g  (8 9 % ) o f  p u r e  3 a j r  

( > 9 7 %  b y  G L C ) :  m p  1 5 8 - 1 6 0  ° C ;  I R  ( K B r )  3 4 5 0  (s ) , 2 9 0 0  (s ) , 2 8 2 2  (s) , 

1 4 5 2  ( m ) ,  1 0 5 0  ( m ) ,  1 0 3 4  ( m ) ,  9 8 0  ( m ) ,  a n d  9 4 0  ( m )  c m - 1 . T h e  1 H  

N M R  a n d  m a s s  s p e c t r a l  d a t a  w e r e  in  g o o d  a g r e e m e n t  w i t h  t h o s e  r e 

p o r t e d  p r e v i o u s l y 8®  f o r  t h i s  c o m p o u n d .

l - M e t h y l - d 3 - 2 - a d a m a n t a n o l  ( 3 a o )  w a s  o b t a i n e d  in  t h e  s a m e  

m a n n e r  a s  t h e  p r o t i o  a n a l o g u e ;  t h e  p u r i t y  w a s  h i g h e r  t h a n  9 7 %  ( b y  

G L C ) ,  a n d  t h e  d e u t e r i u m  c o n t e n t  w a s  9 9 .5 %  o f  t h e  t h e o r e t i c a l  

a m o u n t .

4-endo-4-Methylprotoadamantyl 3,5-Dinitrobenzoates (lbn 
and lbn) and 4-eyo-4-Methylprotoadamantyl 3,5-Dinitroben
zoates (2bH and 2bD>. T h e  p r o t io  a n d  t h e  m e t h y l - d 3  d in it r o b e n z o a t e s  

w e r e  prepared from the corresponding  a l c o h o l s  b y  the standard
3 . 5 -  d i n i t r o b e n z o y l  c h lo r i d e - p y r i d i n e  m e t h o d . 1 1 ®  F r e s h l y  r e c r y s t a l l iz e d

3 . 5 -  d i n i t r o b e n z o y l  c h lo r id e  a n d  p y r i d i n e  d r i e d  o v e r  C a L L  w e r e  u s e d .  

T h e  c r u d e  d i n i t r o b e n z o a t e s  w e r e  r e c r y s t a l l i z e d  t w i c e  f r o m  a  1 : 1  

e t h e r - p e n t a n e  m i x t u r e  a t  —8 0  ° C  ( d r y  i c e - a c e t o n e ) .  P u r e  e s t e r s  w e r e  

o b t a i n e d  in  t h e  f o l lo w in g  y i e l d s :  lb H , 6 1 %  ( m p  1 3 0 - 1 3 1  ° C ) ;  l b p ,  7 4 %  

( m p  1 3 1 - 1 3 3  ° C ) ;  2bH, 7 2 %  ( m p  1 1 3 - 1 1 4  ° C ) ;  a n d  2bD, 6 5 %  ( m p

1 1 4 - 1 1 5  ° C ) .  T h e  I R  s p e c t r a  ( K B r )  o f  a l l  f o u r  d i n i t r o b e n z o a t e s  

s h o w e d  n o  a b s o r p t io n  o w in g  t o  t h e  O H  g r o u p  [ lb H  3 1 1 1  ( m ) , 3 1 0 0  (m ) , 

2 9 1 7  (s ) , 1 7 1 8  (s ) , 1 6 3 0  (m ) , 1 5 4 0  (s ) , 1 1 7 5  (s ) , 7 4 2  ( s ) , a n d  7 1 2  (s)  c m “ 1 ; 

2bH 3 1 2 0  ( m ) , 3 0 9 9  ( w ) , 2 9 1 0  ( s ) ,  1 7 2 0  ( s ) ,  1 5 4 8  ( s ) , 1 3 4 2  ( s ) ,  1 2 0 0  ( m ) , 

7 2 3  ( s ) ,  a n d  7 1 1  ( s )  c m - 1 ]. T h e  ' H  N M R  s p e c t r a l  d a t a  o f  1 b n  a n d  2 b n  

a g r e e  w i t h  t h p s e  r e p o r t e d  p r e v i o u s l y 5  f o r  t h e s e  c o m p o u n d s .

l-Methyl-2-adamantyl Tosyiates (3bn and 3bp). T h e  p r o t io  a n d  

t h e  m e t h y l - d 3  t o s y ia t e s  w e r e  o b t a i n e d  b y  t h e  p y r id in e  m e t h o d 1 1 5  f r o m  

t h e  corresponding  a l c o h o l s .  T h e  c r u d e  tosyiates were r e c r y s t a l l i z e d  

t w i c e  f r o m  1 : 1  e t h e r - p e n t a n e  a t  —8 0  ° C .  P u r e  3 b H  w a s  o b t a i n e d  in  

6 9 %  y i e l d  ( m p  1 1 3 - 1 1 4  ° C )  a n d  3 b n  in  6 0 %  y i e l d  ( m p  1 1 4 - 1 1 6  ° C ) .  

T h e  I R  s p e c t r a  ( K B r )  o f  b o t h  t o s y i a t e s  s h o w e d  n o  a b s o r p t i o n  o w in g  

t o  t h e  O H  g r o u p  [Sby 3 0 6 0  ( w ) , 2 9 0 5  ( s ) ,  2 8 5 1  ( m ) , 1 6 0 1  ( m ) , a n d  1 4 5 2  

( m )  c m - 1 ] . T h e  4H  N M R  s p e c t r a l  d a t a  o f  3 b n  a g r e e  w i t h  t h o s e  r e 

p o r t e d 6 f o r  t h i s  t o s y l a t e .

Kinetic Measurements. T h e  s o lv o ly s i s  r a t e s  w e r e  d e t e r m i n e d  b y  

c o n t in u o u s  p o t e n t i o m e t r i c  t i t r a t i o n  u s in g  a  R a d i o m e t e r  C o p e n h a g e n  

S B R 2 / T T T 1 1  p H - s t a t ,  m a i n t a i n i n g  t h e  p H  o f  t h e  r e a c t i o n  s o lu t io n  

a t  6 .8 . T h e  i n i t i a l  c o n c e n t r a t i o n  o f  t h e  s t a r t i n g  e s t e r  w a s  c a .  0 .0 0 4  M  

( 2 0  m g  in  1 5  m L  o f  s o l v e n t )  in  a l l  k i n e t i c  m e a s u r e m e n t s .  T h e  p r o t i o  

a n d  d e u t e r i o  a n a lo g u e s  w e r e  t i t r a t e d  a t  r a n d o m  in  o r d e r  t o  m in i m iz e  

t h e  i n f l u e n c e  o f  t e m p e r a t u r e  v a r i a t i o n s  in  t h e  i s o t o p e  e f f e c t s .  A t  l e a s t  

s e v e n  i n d i v i d u a l  m e a s u r e m e n t s  w e r e  c o n d u c t e d  f o r  e a c h  e s t e r .  T h e  

r a t e  c o n s t a n t s  w e r e  c a lc u l a t e d  f r o m  t h e  s t a n d a r d  in t e g r a t e d  f i r s t -  

o r d e r  l a w  u s i n g  a  n o n l i n e a r  l e a s t - s q u a r e s  p r o g r a m .

P r o d u c t  S t u d i e s .  I n  a  t y p i c a l  e x p e r i m e n t ,  e s t e r  ( 1 2 0  m g , 0 .3 3  

m m o l)  w a s  d i s s o l v e d  in  1 2  m L  o f  6 0 %  a q u e o u s  d i o x a n e ,  a n  e q u i v a l e n t  

a m o u n t  o f  2 ,6 - lu t i d i n e  w a s  a d d e d ,  a n d  t h e  r e s u l t i n g  s o l u t i o n  w a s  

s t i r r e d  f o r  8  h a l f - l i v e s  a t  6 0  ° C .  T h e  r e a c t i o n  m i x t u r e  w a s  a l l o w e d  t o  

c o o l  d o w n , d i lu t e d  w i t h  1 2  m L  o f  d i o x a n e ,  a n d  t h e n  a n a l y z e d  d i r e c t l y  

b y  g a s  c h r o m a t o g r a p h y  o n  a  6  f t  X %  in  1 0 %  C a r b o w a x  2 0 M  ( C r o -  

m o s o r b  W  1 0 0 / 1 2 0 )  c o lu m n  a t  a  t e m p e r a t u r e  p r o g r a m m e d  f r o m  7 0  

t o  1 8 0  ° C  a t  a  r a t e  o f  6  ° C / m i n .  T h e  p r o d u c t  s t u d y  o f  e a c h  e s t e r  w a s  

p e r f o r m e d  a t  l e a s t  t w ic e .  E a c h  p r o d u c t  m ix t u r e  w a s  a n a ly z e d  b y  G L C

5 - 1 0  t i m e s ,  g i v i n g  a  t o t a l  o f  a t  l e a s t  1 0  a n a l y s e s  f o r  e a c h  e s t e r .

A l l  t h r e e  e s t e r s  (lb, 2b, a n d  3b) y i e l d e d  t h e  s a m e  f o u r  s o l v o l y s i s  

p r o d u c t s ,  4 - m e t h y l - 4 - p r o t o a d a m a n t e n e  ( 4 ) ,  4 - m e t h y l e n e p r o t o a d a -  

m a n t a n e  (5), 4 - e x o - 4 - m e t h y l p r o t o a d a m a n t a n o l  (2a), a n d  1 - m e t h y l -  

2 - a d a m a n t a n o l  (3a), b u t  in  s i g n i f i c a n t l y  d i f f e r e n t  r a t i o s  ( s e e  T a b l e  

II). N o  o t h e r  p r o d u c t s  w e r e  d e t e c t e d  in  t h e  s o l v o l y s e s  o f  lb a n d  3b, 
b u t  2b p r o d u c e d ,  in  a d d i t i o n  t o  t h e  s o l v o l y s i s  p r o d u c t s ,  1 5 - 2 0 %  o f  

l - m e t h y l - 2 - a d a m a n t y l  d i n i t r o b e n z o a t e  b y  t h e  i n t e r n a l  r e t u r n  r e a c 
t io n .  T h e  s o lv o ly s i s  p r o d u c t s  w e r e  id e n t i f ie d  b y  G L C  c o m p a r is o n  w it h  

a u t h e n t i c  s a m p l e s ,  a n d  t h e  p r o d u c t s  w e r e  p r o v e d  t o  b e  s t a b l e  u n d e r  

t h e  s o lv o ly t ic  c o n d it io n s  u s e d ,  a s  w e l l  a s  o n  t h e  G L C  c o lu m n . S a m p l e s  

o f  p u r e  c o m p o u n d s  2a, 3a, 4 ,  a n d  5, w i t h  a n  a d e q u a t e  q u a n t i t y  o f

2 .6 -  lu t id in e  a d d e d ,  w e r e  t r e a t e d  s e p a r a t e l y  w i t h  a n  e q u iv a le n t  a m o u n t  

o f  p - n i t r o b e n z o ic  a c id  in  t h e  s a m e  m a n n e r  a s  t h e  e s t e r s  in  t h e  p r o d u c t  

s t u d i e s .  I n  a l l  c a s e s ,  t h e  g a s  c h r o m a t o g r a m s  r e v e a l e d  o n l y  t h e  c o m 
p o u n d  t e s t e d .

F o r  t h e  i n t e r n a l  r e t u r n  s t u d i e s  o f  d i n i t r o b e n z o a t e s  lb a n d  2b, t h e  

c r u d e  s o l v o l y s i s  p r o d u c t  m i x t u r e  w a s  c o n c e n t r a t e d  t o  a  s m a l l  v o lu m e

in  v a c u o  a t  2 5  ° C  a n d  t h e n  s a t u r a t e d  w i t h  N a 2C 0 3 a n d  e x t r a c t e d  w i t h  

e t h e r .  T h e  e x t r a c t s  w e r e  d r i e d ,  a n d  t h e  s o l v e n t  w a s  e v a p o r a t e d .  T h e  

4H  N M R  s p e c t r u m  o f  t h e  r e s i d u e  w a s  c o m p a r e d  w i t h  t h e  s p e c t r u m  

o f  a n  a u t h e n t i c  s a m p l e  o f  2 - m e t h y l - 2 - a d a m a n t y l  d i n i t r o b e n z o a t e  

( 3 - O D N B ) .  T h e  s p e c t r u m  o f  t h e  c r u d e  p r o d u c t  m i x t u r e  o f  2b i n d i 

c a t e d  t h e  p r e s e n c e  o f  1 5 - 2 0 %  o f  3 - O D N B ,  w h i l e  e s s e n t i a l l y  n o  3 -  

O D N B  ( le s s  t h a n  2 % )  w a s  d e t e c t e d  in  t h e  p r o d u c t  m i x t u r e  o f  lb.
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D i e l s - A l d e r  c y c l i z a t i o n  o f  c y c l o p e n t a d i e n e  w i t h  t h i o p h o s g e n e  y i e l d e d  3 , 3 - d i c h l o r o - 2 - t h i a b i c y c l o [ 2 . 2 . 1 ] h e p t - 5 -  

e n e ,  w h i c h  w a s  d i r e c t l y  c o n v e r t e d  t o  2 - t h i a b i c y c l o [ 2 . 2 . 1 ] h e p t - 5 - e n e  in  h i g h  y i e l d  b y  r e d u c t i o n  w i t h  l i t h i u m  a l u m i 

n u m  h y d r i d e .  H y d r o c h l o r i n a t i o n  o f  t h e  o l e f i n ,  f o l l o w e d  b y  h y d r o l y s i s  in  a  n e u t r a l  o r  b a s i c  m e d i u m ,  g a v e  2 - t h i a b i c y -  

c l o [ 2 . 2 . 1 ] h e p t a n - 6 - e x o - o l  in  s a t i s f a c t o r y  o v e r a l l  y i e l d .  A c i d i c  h y d r o l y s i s  o f  6 - e x o - c h lo r o - 2 - t h i a b i c y c l o [ 2 .2 . 1 ] h e p -  

t a n e  r e s u l t e d  in  t h e  m a jo r  f o r m a t i o n  o f  a  d i m e r i c  e t h e r .  T h e  a l c o h o l  w a s  o x i d i z e d  w i t h  i e r f - b u t y l  c h r o m a t e ,  f o l 

lo w e d  b y  r e d u c t i o n ,  t o  a f f o r d  p u r e  e n d o  a l c o h o l .  B o t h  a l c o h o l s  w e r e  c o n v e r t e d  t o  e s t e r s ,  p - n i t r o b e n z o a t e  f o r  t h e  e x o  

a n d  t o s y l a t e  f o r  t h e  e n d o ,  a n d  t h e  e s t e r s  w e r e  s o l v o l y z e d .  A n  e x o / e n d o  r a t e  r a t i o  o f  3 . 7  X  1 0 14  w a s  o b s e r v e d ,  a f t e r  

c o r r e c t i o n  f o r  a  l e a v i n g  g r o u p  a s  w e l l  a s  t h e  s o l v e n t  s y s t e m ,  a n d  3 . 1  X  1 0 10  a n d  1 / 4 3 ,  r e s p e c t i v e l y ,  f o r  t h e  r a t e  r a t i o s  

o f  t h e  e x o  a n d  e n d o  e s t e r s  a g a i n s t  t h e  c o r r e s p o n d i n g  p a r e n t  c a r b o n  s y s t e m s .  T h i s  u n u s u a l l y  h ig h  e x o / e n d o  r a t e  

r a t i o  i s  a t t r i b u t e d  t o  0 -S  p a r t i c i p a t i o n  f o r  t h e  e x o  e s t e r  a n d  t h e  r a t e - r e t a r d i n g  e f f e c t  f o r  t h e  e n d o  e s t e r .  I n  a  p r o d u c t  

s t u d y ,  o n l y  a n  e x o  i s o m e r  w a s  f o u n d  a s  t h e  s o l v o l y s i s  p r o d u c t  f r o m  b o t h  e s t e r s .  I s o l a t i o n  o f  a  t r i c y c l i c  e p i s u l f o n i u m  

io n ,  l - t h i o n i a t r i c y c l o [ 1 . 1 . 1 .0 2>6] h e p t a n e  p e r c h l o r a t e ,  a  s o l v o l y s i s  i n t e r m e d i a t e  f r o m  t h e  e x o  e s t e r ,  w a s  p o s s i b le ;  i t s  

s t r u c t u r e  w a s  c o n f i r m e d  b y  a n d  1 3 C  N M R  s p e c t r a .

Generally, it  is well known that the amount of neigh
boring-group participation in solvolytie reactions varies with 
the spatial circumstances of molecules. C2-C 6 interaction in 
the norbornyl system (1) has been observed in many kinetic, 
mechanistic, and structural studies.3

In the solvolysis of the 2-oxabicyclo[2.2.1]hept-6-exo-yl 
system (2), a relatively large amount of /3-O-participation has

X A z =c h 2 
2 z  = o 
f  z  = s

been observed.4 I t  is considered that the structural peculiarity 
of the bieyclo[2.2.1]heptyl system gives rise to this unusual 
neighboring-group participation. Usually the effect of a (3- 
oxygen atom resulting from direct nucleophilic participation 
is extremely small,5 although the precise evaluation of the 
effect is d ifficu lt because of the large inductive character of 
oxygen.

The 2-thiabicyclo[2.2.1]heptyl system (3) may exhibit a 
large amount of neighboring-group participation in solvolytie 
reactions and allow the isolation of a stable episulfonium ion 
when a carbocation is formed at the 6 position. This work was 
designed to examine mechanistic and structural effects in the 
solvolysis of the exo and endo stereoisomers of 2-thiabicy- 
clo[2.2.1]heptan-6-ol esters and to isolate a tricyclic episul
fonium ion.

Results
Synthesis. Originally the 2-thiabicyclo[2.2.1]heptane 

skeleton was prepared by M iddleton6 and several analogues 
were studied by Johnson and co-workers7 in an investigation 
of stereochemical aspects.

As shown in Scheme I, 3,3-dichloro-2-thiabicyclo[2.2.1]- 
hept-5-ene (4), prepared according to the known procedure,6 
was directly reduced with lithium  aluminum hydride (L iA lH 4)

S c h e m e  I

HCl

LAH ft?
OH
8en:R=H 
l0en:R=PNB 
U?R = Ts 
Í3en: R= Ac

to give 2-thiabicyclo[2.2.1]hept-5-ene (5) in high yield; 
chemical shifts of 5 in the 4H NM R spectrum were consistent 
with those of reported values.7 Hydrochlorination of the olefin
(5) in methylene chloride w ith dry hydrogen chloride at —30
-----50 °C gave a single isomer (6), in which the configuration
of the chlorine atom was determined to be exo on the basis of 
its reactivity, stereochemistry on HCl addition, and the NMR 
pattern of the 6-endo proton (4.74 ppm, doublets of doublet, 
J5en,6 = 6.5 Hz, J 5ex6 = 3.0 Hz) of the corresponding sulfone
(7). This chloride was also prepared quantitatively by the 
intramolecular addition of sulfenyl chloride (16) generated 
in situ from the reaction of 3-cyclopentenylmethyl disulfide
(15).8

¿JS - 2 -  ph-— . *
^  S -)~  ^  SCI

15 16r v  /V
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Hydrolysis of 6  in a weakly alkaline medium gave the 6 - 
exo-hydroxy derivative (8ex) in 93% yield. When the hy
drolysis was carried out w ithout a base, a mixture of the al
cohol (8ex) and the dimeric ether (14) was obtained in various 
ratios depending on reaction conditions used, indicating the 
facile conversion of 8ex into 14 in an acidic medium.

The formation of the dimeric ether (14) from 8ex was also 
examined by treatment of 8ex with various concentrations of 
acid and by heat treatment. However, the complete conversion 
of 8ex to 14 was not observed; both systems must be present 
in the equilibrium mixture. Treatment of 8ex or 14 with 
concentrated hydrochloric acid afforded the corresponding
6 -exo-chloro derivative (6 ).

Oxidation of /3-hydroxy sulfides to the corresponding ¡3-oxo 
derivatives is usually troublesome because of the high sensi
tiv ity  of a sulfur atom to oxidation. The Oppenauer procedure 
failed. Common procedures using chromic anhydride-pyri
dine or tert-butyl chromate-pyridine in carbon tetrachloride9 

gave the desired result. However, the former procedure was 
accompanied w ith large loss of product because of d ifficu lty  
in isolating product. The best yield (69%) of ketone 9 was 
obtained from the latter procedure. Interestingly, in the UV 
spectrum of 9, a charge-transfer (CT) band at 258 (e 478 in 
cyclohexane), 258 (e 478 in acetonitrile), 260 (e 589 in metha
nol), and 260 nm (e 600 in 70% aqueous ethanol) was observed 
as an independent absorption. 10  The attack of a hydride on 
the keto group of 9 by L iA lH 4 or NaBH4 took place exclusively 
on the exo side and only isomer 8 ex was obtained in moderate 
yield.

Infrared (IR) spectra (1 X  10~ 3 M  solution in CCI4) of the 
alcohols reveal a striking difference between the exo and endo 
alcohols (8 ex and 8 en). Alcohol 8 ex exhibits an absorption 
at 3620 cm- 1  due to a dissociated hydroxy group, while in 8 en, 
only an absorption due to an associated alcohol was observed 
at 3474 cm-1, indicating the presence of a strong intramo
lecular H bond.

The exo alcohol (8ex) from the epoxide (17) has alterna
tively been prepared according to the following scheme by 
Johnson and co-workers.7 In our experiment, however, the 
distillation of 8ex under reduced pressure was accompanied 
by the formation of the dimeric ether (14) attributable to the 
intermolecular dehydration of the alcohol (8ex).

M C P B A  N a ,S
C H 2OBS -------------► 0 ^ | ^ ^ w C H 20B s ------- ------ >•

17

o CH 2 SCOCH3
Br2

I > C H 2 SCOCH 3

KO H

Br
20
a /

The 2-thiabicyclo[2.2.1]heptane skeleton could also be 
synthesized from the intramolecular nucleophilic substitution 
by a th io l group generated by hydrolyzing the dibromo th i- 
olacetate (19) which was easily derived from the thiolacetate
(18). Because of the great stability of 6-endo-bromo-2-thia- 
bicyclo[2 .2 .1 ]heptane (2 0 ), with properties similar to those of
4-endo-bromo-6-thiabicyclo[3.2.1] octane, 1 1  it  was not a useful 
compound for the stereochemical and mechanistic studies in 
the present systems.

The exo and endo alcohols (8ex and 8en) were converted 
to the corresponding p-nitrobenzoates (lOex and lOen) and 
the tosylate ( 1 1 ) for the endo derivative in the usual manner, 
XH NM R data of all thiabicyclic compounds are shown in 
Table I.

Synthesis of Optically Active 2-Thiabicyclo[2.2.1]- 
heptan-6-exo-ol. An optically active ester was needed to 
scrutinize the true effect of the sulfur atom in solvolysis of the

S c h e m e  I I

r J S  — *caoN£ X >
S d-Camphan,lNl' ^ '  S

chloride 2^
( diastereoisomeric ) 

mixture

■ 2 3 b
(-)8e3c: R=H 
(-)10ex: R=PNB

2-thiabicyclo[2.2.1]hept-6-yl system. Fortunately, i f  the sys
tem involves a stable episulfonium ion, the ion must be sym
metrical, affording an optically inactive intermediate. Thus, 
the rate of the ionization step can be determined by the po
larimetrie method. By comparison w ith the recent report by 
Tabushi and co-workers1 2  in which an attack of a solvent is 
a step determining the rate in solvolysis of 2 -endo-chloro-
7-thiabicyclo[2.2.1]heptane (24), i t  is important to determine 
which step is rate determining in such systems having an ef
fective participating group as a neighboring sulfur atom.

The successful optical resolution was done through the 
separation of diastereoisomers by repeated recrystallization, 
followed by the reduction of the resulting diastereoisomer of 
the ester w ith metal hydride (Scheme II).

Diastereoisomeric esters (2 1 ) were prepared from the al
cohol (8 ex) and d-camphanyl chloride derived from d-cam- 
phanic acid1 3  in the usual manner and ( — ) - 2 1  was isolated as 
a single pure diastereomer after several recrystallizations from 
ethyl acetate. Reduction with sodium bis(methoxyethoxy)- 
aluminum hydride in benzene gave (—)-8 ex, [ o ] 24d  —16.8 
(EtOH, c 2.5). Routine esterification procedure yielded an 
optically active ester [(—)- 1 0 ex], [ o ] 28d  —26.2 (CHCI3 , c 
2.65).14

K inetics. Measurement of solvolysis rate was carried out 
by the titrim e tric  method for racemic esters; 1 5  hydrolysis in 
80% aqueous acetone and methanolysis in methanol for lOex 
and acetolysis in acetic acid containing 1  mequiv of sodium 
acetate for 11. Since the remarkable stability of the 6 -endo 
ester (lOen) made its rate measurement impossible, the tos
ylate ( 1 1 ) was used for the determination of solvolysis rate as 
an endo isomer. Exact rate of hydrolysis and/or methanolysis 
for 1 1  could not be determined because the decomposition of 
ester took place in these solvents. The rate of the optically 
active ester [(—)- 1 0 ex] was measured in the same solvents by 
a polarimetrie procedure by which polarimetrie rate constants (k„) at 25 and 35 °C were determined. 16  The calculation of 
rates and physical parameters were carried out by the usual 
first-order expression using a computer programmed with 
least squares. The results of solvolysis rate are summarized 
in Table I I  along w ith kinetic data for 2-norbornyl (1) and
2 -oxabicyclo[2 .2 .1 ]hept-6 -yl (2 ) derivatives.

The exo ester (lOex) solvolyzed 3.7 X  1014  times faster than 
the endo isomer (lOen) and 3.1 X  1010  times faster than the 
corresponding carbon system. These factors are the greatest 
values among d-S-part icipation of various systems observed 
until the present.

The endo isomer (11) underwent solvolysis 43 times slower 
than the endo-norbornyl system. This retardation might be 
attributed to steric hindrance in the ionizing step caused by 
the endo-lone pair electrons of the sulfur atom, rather than 
the inductive effect of sulfur. 17

Polarimetrie rate measurement of the optically active exo 
ester [(—)- 1 0 ex] provides the true rate of the ionizing step (k\).

PNBO

(-)10ex
------- ►

SO

k_1

k1
PNBO

(t) 10 e
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Table I I.  Rate Data fo r Solvolysis in  80% Aqueous Acetone (A), in  Buffered Acetic Acid (B), and in  Methanol (C)

compd procedure
sol
vent k X106 s -1 (°C)

AH*,
keal/mol

AS*,
eu

exo/endo 
rate ratio rei rate

lOex titrimetric A 420 (50) 21.4 -8.0
23.7 (25)

Ts, 7.25 X 1011(25)h 3.7 X 1014 3.1 X 1010
polarimetrie A 349 (35) 14.1 -32

35.4 (25)
titrimetric C 27.9 (25)
polarimetrie C 45.7 (25)

11 titrimetric B 303 (125) 27.4 -6.3
27.8 (100)

1.94X10-3 (25)a 1/43
exo-2-norbornyl Ts, 23.3 (25)°-c 280 1.0

Bs, 88.2 (25)a’d 21.6 -7.2 350 1.0
endo-2-norbornyl Ts, 8.28 X 10~2(25)a>c 25.8 -4.4 1.0

Bs, 2.52 X K T 1 (25)a'd 26.0 -1.5 1.0
exo-2-oxa-6- Ts, 38 (25)e 23.4 -0.3

norbornyl Bs, 218 (25)c 7 X 107 2.5
endo-2-oxa-6- Bs, 2.9 X 10“ 6 (25)a>e 30.5 -9.4 1/87 000

norbornyl
a Rate extrapolation from rates at higher temperatures. b Rate for the tosylate calculated using a factor of fcTs(B)/fcpNB(A) = 3.06 

X 1010 reported by Peters [E. N. Peters, J. Am. Chem. Soc., 98,5627 (1976)].c Reference 22. 2 S. Winstein, B. K. Morse, E. Grunwald, 
H. W. Jones, J. Corse, D. Trifan, and H. Marshall, J. Am. Chem. Soc., 74,1127 (1952). c Reference 4.

Internal return of the p-nitrobenzoate ion forms the optically 
inactive exo ester (lOex) because the intermediary episul- 
fonium ion is symmetrical. According to the usual treatment 
of kinetics, the titrim etric  rate is

k t =  k 1k 2/ ( k - i  +  k 2)

Rearrangement of the equation and replacement of k\ by ka 
gives

k - i / k 2 =  k j ( k t -  1 )

Since k —\ /k 2 reveals the rate ratio of internal return and sol
volysis product formation, the amount of internal return in 
this solvolysis can be obtained.

Calculation by the introduction of the rate data observed 
in the present system resulted in k - i / k 2 = 33/67 (80% aqueous 
acetone, 25 °C) and 39/61 (methanol, 25 °C), showing, even 
in the system which has a huge amount of neighboring-group 
participation, moderate internal return as observed in the 
solvolysis of carbon systems. I t  is concluded that the attack 
of solvent on an intermediary ion is not a step determining the 
rate, but the ionizing step determines the rate in this sys
tem.

Isolation and NMR Spectrum of the Intermediary 
Tricyclic Episulfonium Salt (22). Stereochemical and 
geometrical aspects of the 2-thiabicyclo[2.2.1]hept-6-yl system
(3) offer the possibility of isolating a tricyclic episulfonium 
ion. Treatment of a solution of the chloride (6) in acetonitrile 
w ith 1 mequiv of silver perchlorate yielded a salt, which was 
found to be the tricyclic episulfonium salt (22) by NMR 
analysis. This is a common procedure for the preparation of 
sulfoniun salts18 (Scheme III).

The addition of 70% perchloric acid to a solution of 6-exo - 
acetoxy-2-thiabicyclo[2.2.1]heptane (13ex) in trifluoroacetic 
acid-trifluoroacetic anhydride, followed by evaporation of the 
solvent, left pure 22, which was equivalent w ith the salt pre
pared by the former method on comparison by NM R spec
troscopy. The use of the other exo derivatives such as 6-hy-

RO

8 ex, 12, 13 ex

Scheme I I I

c f 3  c o 2h -  (c  f 3  CO) 2o

-H C 1 0 4

o r  6,-t- A gC 1 0 4  

in  C H 3 C N

db. -■ s+  
c i o ;

droxy (8ex) and 6-methoxy (12) compounds also yielded the 
same results. This observation is a firs t example for trapping 
an episulfonium ion as a reaction intermediate.

The typical 1H NM R and 13C NM R  spectra of the per
chlorate (22) measured in trideuterionitromethane are shown 
in Figure 1 (Supplementary Material). Both spectra reveal 
that the ion (22) has a symmetric structure. The same spec
trum  was also observed in direct measurement of 6, 8ex, 12, 
and 13ex in trifluoroacetic acid.

As a reflection of the symmetric structure of the tricyclic 
episulfonium ion (22), its 1H NMR spectrum was observed to 
be a simple pattern; in trideuterionitromethane, the protons 
of Ci and C6 resonated at 4.72 ppm as a singlet peak, that of 
C4 at 3.24 ppm as a broad singlet, those of C3 at 2.88 ppm as 
a sharp doublet (J3,4 = 1.5 Hz), and those of C5 and C7 as an 
AB type pattern (J = 14 Hz) centered at 2.22 ppm. Each 
stereochemieally different proton was split with the C4 proton 
(^ 5ex,7ex,4 = 2.5, J 5en,7en,4 = 0.5 Hz). The 13C NM R  spectrum 
of the salt (22) also reveals the four different carbon atoms, 
indicating the symmetric character of the ion (22).

Product of Solvolysis. Solvolyses for product studies were 
undertaken under the same conditions as used in rate mea
surements. After usual workup, products were analyzed by 
VPC. The 6-exo ester (lOex) yielded the 6-exo alcohol (8ex) 
in 97.6% yield. On the other hand, the 6-exo-acetoxy derivative 
(13ex) was obtained in 85.4% yield from the acetolysis of the6-endo-tosylate (11).

As expected from the fast rate of solvolysis of lOex, the re
action gave rise to an exo attack on the tricyclic episulfonium 
ion (22) by a solvent, resulting the exclusive formation of an 
exo derivative. The fact that only the exo product (13ex) was 
produced from the solvolysis of the less reactive 11 indicates 
intervention of the stable tricyclic episulfonium ion (22). I t  
should be noted that no endo product nor olefin could be de
tected by VPC and NM R analyses.

Discussion
The solvolytic behaviors of the isomeric esters (lOex and 

11) provide valuable information on the role of a neighboring 
sulfur atom in solvolysis of the 2-thiabicyclo[2.2.1]hept-6-yl 
system. The exo isomer should have an advantage in forming 
a relatively stable episulfonium ion by fl-S-participation.

The rate observed for the exo ester (lOex), 3.1 X 1010 times 
faster than the corresponding carbon system, reveals clearly
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that the sulfur of this system highly stabilizes the transition 
state. An extremely high exo/endo rate ratio, 3.7 X 1014, rises 
primarily from strong d-S-participation for the exo isomer 
(lOex). This value is the greatest among rate ratios of two 
stereoisomers observed until the present.

Tso j d ^ s 1 / T s o J ^ h ]

OTs OTs OTs

3. 7 x 1014 3. 1 x 1010 1 /43

In the recent solvolytic studies of the similar systems, Ta- 
nida19 and Tabushi12 have examined independently the sol
volytic behavior of 23 and 24. In both systems faster rate is 
observed w ith the endo isomer: endo/exo rate ratios 1.2 X 108 
(25 °C) for 23 in 70% aqueous dioxane and 4.7 X 109 (25 °C) 
for 24 ( in acetic acid for the endo and in 50% aqueous dioxane 
for the exo) after correction for the solvent as well as the 
leaving group. Although there are observed high rate ratios 
of both systems, they fail to overcome the rate ratio of the 
2-thiabicyclo[2.2.1]hept-6-yl system, indicating that the 
amount of neighboring-group participation strongly depends 
on the structural factors such as geometry, stereochemistry, 
and skeletal mobility of molecules in the transition state.20

On the other hand, the endo isomer (11) undergoes its sol
volysis somewhat slower than endo-2-norbornyl derivative, 
1/43. This rate retardation may be attributed to the inductive 
character of a sulfur atom.17

The concept of “ steric hindrance to ionization” , proposed 
by Brown3a in the norbornyl system, may account for the re
tardation of the solvolysis rate of an endo isomer. As we re
ported previously,8 the tricyclic episulfonium ion (28), derived

by intramolecular sulfenyl chloride addition of 25 formed in 
situ from the reaction of the corresponding disulfide w ith 
chlorine, should be in equilibrium with 26 and 27 at elevated 
temperature. However, we could not establish the presence 
of the tertiary chloride (26), although 26 is expected to be 
thermodynamically more stable than 27 as is usually the case 
with /3-chloro sulfides.21’22 The remarkable instability of the 
tertiary chloride (26) when compared w ith the other equili
brated isomer (27) indicates the presence of steric repulsion 
between the 6-endo-methyl group and the lone pair electrons 
of the endo side of the sulfur atom, as shown in 29. This fact 
is interesting in the evaluation of the spatial requirements of 
lone pair electrons.

In the norbornyl system, endo-6 substituents are operative 
in increase of steric repulsion in ionization, and the amount 
of retardation depends on the spatial environment of mole
cules.4’23*26 Considering the inductive rate-retarding factor 
of 2000 observed for solvolysis of 2-exo-chloro-7-oxabicy-

clo[2.2.1]heptane,4 this factor being considered to be appli
cable to the 2-oxabicyclo[2.2.1]hept-6-endo-yl analogue, the 
factor of 1/44 attributable to steric hindrance in an ionizing 
step is obtained. This value is similar to that obtained for the 
endo isomer of the thia analogue, indicating that the steric 
requirement between the oxa and thia analogues, especially 
in relation of steric repulsion of lone pair electrons with a 
leaving group in the transition state, is quite equivalent.

Among the solvolytic studies involving /3-S-participation, 
an example in which a solvent-attacking step is the step de
termining a rate is known;12 this may arise from a large 
amount of neighboring-group participation. On the basis of 
our results, however, the differences of rate-determining steps 
are not attributable to the amount of participation by neigh
boring groups, but to the character of the leaving groups.

The intervention of the optically inactive tricyclic episul
fonium ion obtainable from the solvolysis of an ester of opti
cally active 2-thiabicyclo[2.2.1]heptan-6-exo-ol makes this 
point unequivocal. The observation of 30-40% internal return 
at the firs t ionizing step of solvolysis, calculated from titr i-  
metric (kt) and polarimetric (ka) determinations of rates, leads 
to the conclusion that ionization is the rate-determining step; 
the attack of solvent on the ion does not affect the rate.

The mechanistic considerations of solvolysis of the exo and 
endo esters (lOex and 11) are illustrated in Scheme IV. The 
acetoxy group of 13ex [the solvolysis product of the endo ester
(11)] was readily exchangeable. The 6-exo-trideuterioacetoxy 
compound was isolated from the solvolytic reaction of the6-exo-acetoxy derivative in buffered trideuterioacetic acid, 
so that the in itia lly  formed acetoxy product from the endo 
ester could be present in an equilibrium under the solvolytic 
condition. Thus, the presence of the direct process to 13ex 
from the open carbonium ion (30) could not be explored in 
dependently from more plausible process via the episulfonium 
ion produced by overlapping of the vacant 2p orbital at the 
6 position of 30 with the lone pair electrons of the sulfur 
atom.

P N B O

10 ex

O T s

11

Scheme IV
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The intervention of the <r-sulfurane structure18c’d’e’27’28 may 
be eliminated in this solvolytic reaction because of the low 
nucleophilic ability of a p-nitrobenzoate anion. The presence 
of (7-sulfurane as an intermediate is more plausible in reactions 
of /3-halo sulfides.

/3-Halo sulfides are often present in equilibrium with epi- 
sulfonium ions even in aprotic solvents. In these cases, rates 
are considered to be affected by the nucleophilic character of 
nucleophiles and not by the ionizing ability of solvents.

Success in isolating the tricyclic episulfonium ion, 1- 
th ion ia tricyc lo [l.l.l.2*6]heptane perchlorate (22), as the in 
termediate ion is attributed to its structural stability when 
compared w ith  usual episulfonium salts observed by Helm- 
kamp and co-workers.18

The 2-thiabicyclo[2.2.1]hept-6-yl system (3) supplies not 
only matters of mechanistic interests in solvolytic reactions, 
but also structural interests. We are currently pursuing the 
role of a divalent sulfur atom in comparison w ith other thia- 
bicyclic systems.

Experimental Section
A l l  m e l t in g  p o in t s  a r e  c o r r e c t e d  a n d  b o i l in g  p o in t s  a r e  u n c o r r e c t e d .  

I R  s p e c t r a  w e r e  t a k e n  o n  a  H i t a c h i - P e r k i n - E l m e r  M o d e l  2 2 5  ( G r a t i n g )  

s p e c t r o m e t e r .  'H  N M R  s p e c t r a  w e r e  r e c o r d e d  o n  a  V a r i a n  1 0 0 - M H z  

s p e c t r o m e t e r  ( H A - 1 0 0 )  in  d e u t e r i o c h lo r o f o r m  a n d  t h e  1 3 C  N M R  

s p e c t r u m  o f  t h e  t r i c y c l i c  e p i s u l f o n i u m  s a l t  (22) o n  a  J E O L  F X - 1 0 0  

s p e c t r o m e t e r  u s in g  a  1 0 - m m  t u b e .  C h e m i c a l  s h i f t s  a r e  i n d i c a t e d  b y  

p a r t s  p e r  m i l l i o n  f r o m  a  t e t r a m e t h y l s i l a n e  i n t e r n a l  s t a n d a r d .  M a s s  

s p e c t r a  w e r e  m e a s u r e d  o n  a  H i t a c h i  m a s s  s p e c t r o m e t e r  M o d e l  R M S - 4  

p e r f o r m e d  w i t h  a  t a r g e t  c u r r e n t  o f  7 0  fik  a n d  a  c h a m b e r  v o l t a g e  o f  7 0  

e V .  G a s  c h r o m a t o g r a p h ic  a n a ly s e s  w e r e  c a r r ie d  o u t  w i t h  a  V a r i a n  1 4 4 0  

i n s t r u m e n t  e q u i p p e d  w i t h  a  f l a m e  io n iz a t io n  d e t e c t o r  a n d  w i t h  g la s s  

t u b i n g  c o lu m n s .  C o n d i t i o n s  u s e d  f o r  a n a l y s i s  a r e  g i v e n  a t  a n  a p p r o 

p r i a t e  p o s i t io n .

3,3-Dichloro-2-thiabicyclo[2.2.1]hept-5-ene (4) T h i s  c o m p o u n d  

w a s  p r e p a r e d  f r o m  t h e  c y c l o a d d i t i o n  o f  c y c l o p e n t a d i e n e  w i t h  t h io -  

p h o s g e n e  a c c o r d i n g  t o  t h e  p r o c e d u r e  r e p o r t e d  b y  M i d d l e t o n 6  o r  

J o h n s o n 7  a n d  s t o r e d  in  a  d r y - i c e  b o x .

2-Thiabicyclo[2.2.1]hept-5-ene (5). T o  a  s u s p e n s i o n  o f  L i A l H 4 

( 1 5 . 5  g ,  0 . 4 1  m o l)  in  2 5 0  m L  o f  g e n t l y  r e f l u x i n g  a n h y d r o u s  e t h e r  w a s  

a d d e d  d r o p w i s e  a  s o lu t io n  o f  4 5  g  ( 0 .2 5  m o l)  o f  4  d i s s o l v e d  in  1 5 0  m L  

o f  a n h y d r o u s  e t h e r .  T h e  m i x t u r e  w a s  s t i r r e d  a t  r e f l u x  f o r  a n  a d d i t io n a l  

2  h . T h e  e x c e s s  h y d r i d e  w a s  d e s t r o y e d  b y  c a r e f u l  a d d i t i o n  o f  w a t e r .  

T h e  e t h e r  s o l u t i o n  w a s  f i l t e r e d  a n d  t h e  r e s i d u e  w a s  w a s h e d  w i t h  1 0 0  

m L  o f  e t h e r .  B o t h  s o l u t i o n s  w e r e  c o m b i n e d ,  d r i e d  o v e r  M g S 0 4, a n d  

c o n c e n t r a t e d  a t  6 0  m m H g  w h i l e  c o o l in g  in  a n  ic e  b a t h .  F i n a l l y ,  t h e  

s o l v e n t  w a s  r e m o v e d  a t  r o o m  t e m p e r a t u r e  t o  l e a v e  2 5 . 3  g  ( 9 0 % )  o f  a  

f a i n t  y e l lo w  o i l ,  w h i c h  s o l i d i f i e d  o n  c o o l in g .  T h e  N M R  s p e c t r u m  o f  

t h e  w a x y  s o l i d  t h u s  o b t a i n e d  w a s  i d e n t i c a l  w i t h  t h a t  r e p o r t e d  b y  

J o h n s o n  a n d  c o - w o r k e r s .7  S u b l i m a t i o n  p r o v i d e d  p u r e  m a t e r i a l  o f  a  

w h i t e  w a x y  s o l id :  m a s s  s p e c t r u m  (m /e )  1 1 2  ( M + ) , 7 9  ( M +  — S H ) ,  6 6  

( C 5 H 6+ , b a s e  p e a k ) .

6-exo-Chloro-2-thiabicyclo[2.2.1]heptane (6). I n t o  a  s o l u t i o n  

o f  1 1 . 6  g  ( 0 . 1 0 3  m o l)  o f  5  d i s s o l v e d  in  2 5  m L  o f  a n h y d r o u s  m e t h y le n e

c h lo r id e  w a s  p a s s e d  d r y  h y d r o g e n  c h lo r id e  g a s  a t  - 5 0  ------ 6 0  ° C .  A f t e r

t h e  s o l u t i o n  w a s  s a t u r a t e d  w i t h  H C 1 ,  t h e  f l o w  o f  t h e  g a s  w a s  s t o p p e d  

a n d  t h e n  t h e  m i x t u r e  w a s  s t i r r e d  f o r  3 0  m in  a t  - 5 0  ° C .  T h e  l i g h t  

b r o w n  s o lu t io n  w a s  w a s h e d  t h r e e  t im e s  w i t h  5 0  m L  o f  c o ld  w a t e r ,  d r ie d  

o v e r  a n h y d r o u s  K 2C O 3 , a n d  c o n c e n t r a t e d  a t  r o o m  t e m p e r a t u r e  t o  g iv e

1 3 . 6  g  (8 9 % )  o f  a  y e l lo w  o i l.  T h i s  c r u d e  m a t e r i a l  w a s  s p e c t r o s c o p i c a l l y  

p u r e  a n d  c o u ld  b e  u s e d  a s  a  s y n t h e t i c  in t e r m e d ia t e .  D i s t i l l a t i o n  u n d e r  

r e d u c e d  p r e s s u r e  g a v e  a  c o l o r l e s s  o i l ,  b p  3 6 . 5 - 3 7  ° C  ( 1  m m H g ) .

m - C h l o r o p e r b e n z o i c  a c i d  ( M C P B A )  o x i d a t i o n  o f  6  y i e l d e d  t h e  

c o r r e s p o n d i n g  s u l f o n e  d e r i v a t i v e  ( 7 ) ,  w h i c h  w a s  r e c r y s t a l l i z e d  f r o m  

e t h e r  t o  g i v e  w h i t e  n e e d l e s ,  m p  9 9 .0 - 9 9 .5  ° C .  A n a l .  C a l c d  f o r  

C 6H 9 C 1 0 2S :  C ,  3 9 .8 9 ;  H ,  5 .0 2 ;  C l ,  1 9 . 6 2 ;  S ,  1 7 . 7 5 .  F o u n d :  C ,  3 9 .8 2 ;  H ,  
5 . 1 1 ;  C l ,  1 9 . 5 1 ;  S ,  1 7 .6 6 .

2-Thiabicyclo[2.2.1]heptan-6-exo-ol (Sex). T h e  c h lo r o  d e r i v a 

t i v e  (6 ) ( 5 .2  g ,  3 5  m m o l)  w a s  d i s s o l v e d  in  4 0 0  m L  o f  5 0 %  a q u e o u s  a c 

e t o n e  c o n t a i n i n g  2 . 1  g  ( 2 0  m m o l)  o f  s o d i u m  c a r b o n a t e  a n d  a  s o l u t i o n  

w a s  a l l o w e d  t o  s t a n d  a t  r o o m  t e m p e r a t u r e  f o r  1 0  h . A c e t o n e  w a s  

e v a p o r a t e d  in  v a c u o  a n d  p r o d u c t s  w e r e  e x t r a c t e d  w i t h  e t h e r ,  t h e n  t h e  

e x t r a c t  w a s  d r i e d  o v e r  M g S 0 4 a n d  c o n c e n t r a t e d  t o  l e a v e  4 . 3  g  ( 9 3 % )  

o f  a  p a l e  y e l lo w  v i s c o u s  o i l .  T h e  o i l  s o l i d i f i e d  u n d e r  c o o l in g .  P u r i f i 

c a t i o n  w a s  c a r r i e d  o u t  b y  c o l u m n  c h r o m a t o g r a p h y  o v e r  n e u t r a l  o r  

b a s i c  a l u m i n a  b e c a u s e  p u r i f i c a t i o n  b y  s u b l i m a t i o n  o r  d i s t i l l a t i o n  r e 

s u l t e d  in  f o r m a t i o n  o f  d i m e r i c  e t h e r  (14). W h e n  6 w a s  h y d r o l y z e d  

w i t h o u t  a  b a s e ,  p r o d u c t s  w e r e  c o n t a m i n a t e d  w i t h  t h e  d i m e r i c  e t h e r

(14); 3 4 / 6 6  a s  a  r a t i o  o f  8ex/14. V i g o r o u s  s h a k i n g  o f  8ex o r  14 in  

m e t h y le n e  c h lo r i d e  w i t h  c o n c e n t r a t e d  h y d r o c h l o r i c  a c i d  r e s u l t e d  in  

t h e  c o n v e r s i o n  i n t o  6 : m a s s  s p e c t r u m  (m /e )  1 3 0  ( M + ) ,  8 5  ( C 4H s S + , 

b a s e  p e a k ) .

T h e  p - n i t r o b e n z o a t e  (lOex) o f  8ex w a s  p r e p a r e d  i n  t h e  u s u a l  e s 

t e r i f i c a t i o n  p r o c e d u r e  w i t h  p - n i t r o b e n z o y l  c h lo r i d e  a n d  p y r i d i n e ;  

r e c r y s t a l l i z a t i o n  f r o m  a  4 : 1  m i x t u r e  o f  h e x a n e - b e n z e n e  y i e l d e d  p a l e  

y e l lo w  n e e d l e s ,  m p  1 0 8 . 5 - 1 0 9 . 5  ° C .  A n a l .  C a l c d  f o r  C 1 3 H 1 3 N C L S :  C ,  

5 5 .9 0 ;  H ,  4 .6 9 ; N ,  5 .0 2 ;  S ,  1 1 . 4 8 .  F o u n d :  C ,  5 6 .0 2 ;  H ,  4 .9 3 ;  N ,  4 .8 8 ;  S ,  

1 1 . 5 5 .

2-Thiabicyclo[2.2.1]heptan-6-one ( 9 ) .  A  c o l d  s o l u t i o n  o f  2 . 1 5  g  

( 1 6 . 5  m m o l)  o f  8ex d i s s o l v e d  in  3 0  m L  o f  c a r b o n  t e t r a c h l o r i d e  a n d  a  

i e r t - b u t y l  c h r o m a t e  r e a g e n t  ( 3 2  m L ,  2 3  m m o l)  f r e s h l y  p r e p a r e d  a c 

c o r d i n g  t o  t h e  r e p o r t e d  p r o c e d u r e 9 w e r e  m i x e d  a n d  l e f t  o v e r n i g h t  a t  

- 1 0  ° C .  T o  t h e  r e a c t i o n  m i x t u r e ,  4  m L  o f  a  s a t u r a t e d  t a r t a r i c  a c i d  

s o l u t i o n  in  e t h a n o l  w a s  a d d e d  a n d  t h e  m i x t u r e  w a s  s t i r r e d  f o r  2  h  a t  

r o o m  t e m p e r a t u r e .  A f t e r  f i l t r a t i o n ,  t h e  f i l t r a t e  w a s  w a s h e d  s e v e r a l  

t i m e s  w i t h  a  5 %  s o d i u m  b ic a r b o n a t e  s o lu t io n ,  d r i e d  o v e r  M g S 0 4, a n d  

t h e n  e v a p o r a t e d  t o  le a v e  1 . 4 2  g  ( 6 7 . 1 % )  o f  a  p a l e  b r o w n  o i l ,  w h i c h  w a s  

s p e c t r o s c o p ic a l ly  p u r e .  A n  a t t e m p t  t o  o b t a i n  p u r e  m a t e r i a l  w a s  c a r r ie d  

o u t  b y  c o l u m n  c h r o m a t o g r a p h y  o v e r  s i l i c a  g e l .  A n  e l u t i o n  w i t h  a  1 : 3  

m i x t u r e  o f  h e x a n e - b e n z e n e  p r o v i d e d  a  s i n g le  i s o m e r ,  w h i c h  w a s  

s u b l i m e d  a t  6 0 - 7 0  ° C  ( 3  m m H g )  t o  g i v e  a  c o l o r l e s s  w a x y  s o l i d :  t h i s  

m a t e r i a l  m e l t e d  a t  1 0 0 - 1 2 0  ° C ;  IR ( C H C I 3 ) 1 7 4 0  c m - 1  ( C = 0 ) ;  m a s s  

s p e c t r u m  ( m / e )  1 2 8  ( M + ), 8 5  ( C 4 H 5 S + ).

T h e  2 ,4 - d i n i t r o p h e n y lh y d r a z o n e ,  r e c r y s t a l l i z e d  f r o m  a  1 : 1  m i x t u r e  

o f  h e x a n e - b e n z e n e ,  h a d  m p  1 7 5 - 1 7 6  ° C .  A n a l .  C a l c d  f o r  

C i 2H 1 2 N 4 0 4 S :  C ,  4 6 .7 5 ;  H ,  3 .9 2 ;  N ,  1 8 . 1 7 ;  S ,  1 0 . 4 0 .  F o u n d :  C ,  4 7 .0 2 ;  

H ,  3 .9 8 ;  N ,  1 8 . 1 7 ;  S ,  1 0 . 2 1 .

2-Thiabicyclo[2.2.1]heptan-6-en(fo-ol (8en). T o  a  c o l d  s u s 

p e n s i o n  o f  3 1 2  m g  ( 8 .2  m m o l)  o f  L i A l H 4 in  4 0  m L  o f  a n h y d r o u s  e t h e r  

w a s  a d d e d  a n  e t h e r e a l  s o lu t io n  ( 1 0  m L )  o f  1 . 0 5  g  ( 8 .2  m m o l)  o f  9 . T h e  

m i x t u r e  w a s  s t i r r e d  a t  r e f l u x  f o r  1  h  a n d  t h e  u s u a l  w o r k u p  w a s  c a r r i e d  

o u t .  E v a p o r a t i o n  o f  t h e  s o l v e n t  l e f t  8 5 0  m g  ( 7 9 .6 % )  o f  a  w h i t e  s o l i d ,  

w h i c h  w a s  r e c r y s t a l l i z e d  f r o m  h e x a n e  o r  p e n t a n e  t o  a f f o r d  a  w h i t e  

w a x y  s o l id ,  m p  1 6 4 - 1 6 7  ° C .  A l t e r n a t i v e l y ,  p u r i f i c a t i o n  b y  s u b l i m a t i o n  

a l s o  g a v e  t h e  s a m e  m a t e r i a l :  m a s s  s p e c t r u m  (m /e )  1 3 0  ( M + ) ,  8 5  

( C 4H g S + , b a s e  p e a k ) .

T h e  p - n i t r o b e n z o a t e  (lOen) o f  8en w a s  p r e p a r e d  f r o m  t h e  r e a c t io n  

o f  8en w i t h  p - n i t r o b e n z o y l  c h lo r i d e  in  p y r i d i n e  a n d  r e c r y s t a l l i z e d  

f r o m  h e x a n e  t o  g i v e  p a l e  y e l lo w  n e e d l e s ,  m p  1 0 2 . 5 - 1 0 3 . 5  ° C .  A n a l .  

C a l c d  f o r  C 1 3 H 1 3 N 0 4S :  C ,  5 5 .9 0 ;  H ,  4 .6 9 ;  N ,  5 .0 2 ;  S ;  1 1 . 4 8 .  F o u n d :  C ,  

5 5 .7 8 ;  H ,  4 .9 2 ;  N ,  4 .8 6 ;  S ,  1 1 . 7 7 .

T h e  p - t o l u e n e s u l f o n a t e  (11) o f  8en w a s  p r e p a r e d  in  t h e  s a m e  p r o 

c e d u r e  a s  u s e d  f o r  t h e  e s t e r  (lOen). A s  a n  e f f o r t  t o  s o l i d i f y  t h e  e s t e r

( 1 1 ) f a i l e d ,  t h e  s a m p l e  w a s  p u r i f i e d  b y  c o lu m n  c h r o m a t o g r a p h y  o v e r  

s i l i c a  g e l.  C h r o m a t o g r a p h e d  m a t e r i a l ,  w h o s e  p u r i t y  w a s  c o n f i r m e d  

s p e c t r o s c o p i c a l l y ,  w a s  u s e d  f o r  t h e  k i n e t i c  m e a s u r e m e n t s  w i t h o u t  

f u r t h e r  p u r i f i c a t i o n .

6,6'-exo,exo-Oxybis(2-thiabicyelo[2.2.1]heptane) or Di(2- 
thiabicyclo[2.2.1]hept-6-exo-yl) Ether (14). (A) T o  a  s o l u t i o n  o f  

1 3 0  m g  ( lm m o l )  o f  8ex in  2  m L  o f  a n h y d r o u s  t e t r a h y d r o f u r a n  w a s  

a d d e d  a  2  n  - B u L i  s o lu t io n  in  h e x a n e  ( 0 .5  m L ,  1  m m o l ,  M e r c k  r e a g e n t )  

in  a  d r y  i c e - a c e t o n e  b a t h  ( - 3 0  <■— 4 0  ° C )  u n d e r  a  n i t r o g e n  s t r e a m .  

T h e  m i x t u r e  w a s  s t i r r e d  f o r  3 0  m i n  a t  - 3 0  ° C  a n d  t h e n  a  s o l u t i o n  o f  

1 4 8  m g  ( 1  m m o l)  o f  6  i n  2  m L  o f  t e t r a h y d r o f u r a n  w a s  a d d e d .  A f t e r  

s t a n d i n g  o v e r n i g h t  a t  r o o m  t e m p e r a t u r e ,  t h e  s o l u t i o n  w a s  c o n c e n 

t r a t e d  a n d  a  r e s i d u e  w a s  d i s s o l v e d  in  1 0  m L  o f  e t h e r .  T h e  e t h e r  s o l u 

t io n  w a s  w a s h e d  w i t h  w a t e r ,  d r i e d  o v e r  M g S 0 4, a n d  t h e n  e v a p o r a t e d  

t o  le a v e  2 1 0  m g  (8 6 .6 % ) o f  a  v i s c o u s  o i l,  w h ic h  w a s  s u b l im e d  a t  r e d u c e d  

p r e s s u r e  t o  g i v e  a  w a x y  s o l i d :  m a s s  s p e c t r u m  (m /e )  2 4 2  ( M + ) , 1 2 9  

( C g H 9 0 S + ), 1 1 3  ( C g H 9S + , b a s e  p e a k ) ,  8 5  ( C 4 H s S + ).

(B) I n  a  s m a l l - s c a l e  e x p e r i m e n t ,  t h e  e x o  a l c o h o l  (8ex) c o n t a i n i n g  

a  t r a c e  a m o u n t  o f  p - t o l u e n e s u l f o n i c  a c i d  w a s  r e f l u x e d  in  b e n z e n e  f o r  

3  h . T h e  m i x t u r e  w a s  w a s h e d  w i t h  s a t u r a t e d  N a H C 0 3  s o l u t i o n ,  d r i e d  

o v e r  M g S 0 4 , a n d  t h e n  e v a p o r a t e d .  T h e r e  w a s  o b t a i n e d  f a i r l y  p u r e  

d i m e r i c  e t h e r  1 4  q u a n t i t a t i v e l y .  S p e c t r a l  d a t a  w e r e  c o n s i s t e n t  w i t h  

t h o s e  o f  t h e  p r o d u c t  p r e p a r e d  a c c o r d i n g  t o  m e t h o d  A .

6 - e x o - M e t h o x y - 2 - t h i a b i c y e l o [ 2 . 2 . 1 ] h e p t a n e  ( 1 2 ) .  A  s o l u t i o n  
o f  1 . 1  g  ( 8 .4  m m o l)  o f  8 e x  d i s s o l v e d  in  3 0  m L  o f  a n h y d r o u s  m e t h a n o l  

c o n t a i n i n g  3 0  m g  o f  p - t o l u e n e s u l f o n i c  a c i d  w a s  r e f l u x e d  f o r  1  h .  T h e  

s o l u t i o n  w a s  c o n c e n t r a t e d  c a r e f u l l y  a n d  2 0  m L  o f  e t h e r  w a s  a d d e d .  

T h e  e t h e r  s o lu t io n  w a s  w a s h e d  w i t h  s a t u r a t e d  N a H C 0 3  s o l u t i o n  a n d  

w i t h  s a t u r a t e d  N a C l  s o l u t i o n ,  a n d  d r i e d  o v e r  a n h y d r o u s  K 2 C 0 3 . 

E v a p o r a t i o n  o f  t h e  s o l v e n t  u n d e r  a t m o s p h e r i c  p r e s s u r e  l e f t  1 . 1  g  

(9 0 .8 % )  o f  a  p a l e  b r o w n  o i l ,  w h i c h  w a s  d i s t i l l e d  t o  g i v e  a  c o l o r l e s s  o i l :  

b p  5 0 - 5 3  ° C  ( 3  m m H g ) ;  m a s s  s p e c t r u m  (m /e )  1 4 4  ( M + ) , 1 1 2  ( M +  — 
C H 3 O H ) ,  9 7  ( M +  -  C H 3 S ) ,  8 5  ( C 4H 5 S + ) .
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L i k e w i s e ,  b y  t h e  u s e  o f  d i m e r i c  e t h e r  (14), t h e  s a m e  p r o d u c t  (12) 
w a s  o b t a i n e d  in  a  h ig h  y i e l d .  A l t e r n a t i v e l y ,  t h e  m e t h a n o l y s i s  o f  6  o r  

lOex in  m e t h a n o l  c o n t a i n i n g  s o d i u m  m e t h o x i d e  g a v e  t h e  c o r r e 

s p o n d i n g  m e t h o x y  d e r i v a t i v e  ( 1 2 )  q u a n t i t a t i v e l y .

2-Thiabicyclo[2.2.1]heptan-6-exo-ol Acetate (13ex). T o  a  

s t i r r e d  s o l u t i o n  o f  7 8 0  m g  ( 6  m m o l)  o f  8 ex in  4  m L  o f  a n h y d r o u s  

p y r i d i n e  w a s  a d d e d  8 1 7  m g  ( 8  m m o l)  o f  a c e t i c  a n h y d r i d e  u n d e r  ic e  

c o o l in g .  T h e  u s u a l  w o r k u p  g a v e  9 4 0  m g  ( 9 1 % )  o f  a  p a l e  y e l lo w  o i l ,  

w h i c h  w a s  s p e c t r o s c o p i c a l l y  p u r e .  D i s t i l l a t i o n  p r o v i d e d  a  c o l o r l e s s  

o i l :  b p  8 2 - 8 3  ° C  ( 2  m m H g ) ;  re20D 1 . 5 0 6 6 ;  I R  ( f i lm )  1 7 4 0 ,  1 2 3 2  c m " 1 

( C O C O C H 3 ) ; m a s s  s p e c t r u m  (m /e )  1 7 2  ( M + ) ,  1 2 9  ( M +  -  C H 3 C O ) ,  

1 1 3  ( M +  -  C H 3 C O O ) ,  8 5  ( C 4H 5 S +  b a s e  p e a k ) ,  4 3  ( C H 3 C O ) .

2-Thiabicyclo[2.2.1]heptan-6-eiiifo-ol Acetate (13en). T h e  

a l o c h o l  (8en) ( 2 6  m g , 0 . 2  m m o l)  w a s  a c e t y l a t e d  in  t h e  u s u a l  m a n n e r .  

T h e r e  w a s  o b t a i n e d  3 4  m g  o f  a  c o l o r l e s s  o i l ,  w h i c h  s h o w e d  t o  b e  a  

s i n g le  p e a k  in  V P C  a n a l y s i s  a n d  p u r e  in  N M R  s p e c t r u m .  I R  ( f i lm )  

1 7 3 3 , 1 2 4 3  c m “ 1 ( C O C O C H 3 ).

1-Thioniatricyclo[1.1.1.02'6]heptane Perchlorate ( 2 2 ) .  T o  a

s t i r r e d  s o l u t i o n  o f  1 . 5  g  ( 1 0 . 1  m m o l)  o f  6  d i s s o l v e d  in  1 0  m L  o f  a n h y 

d r o u s  a c e t o n i t r i l e  w a s  a d d e d  d r o p w is e  a  s o lu t io n  o f  2 .0 9  g  ( 1 0 . 1  m m o l)  

o f  s i l v e r  p e r c h l o r a t e  d i s s o l v e d  in  1 0  m L  o f  a c e t o n i t r i l e  u n d e r  ic e  

c o o l in g .  A  s o l i d  p r e c e i p i t a t e d ,  w h i c h  c o n s i s t s  o f  a  s u l f o n i u m  s a l t  a n d  

s i lv e r  c h lo r id e ,  w a s  a s s e m b le d  b y  f i l t r a t i o n ,  a n d  e x t r a c t e d  t h r e e  t im e s  

w i t h  5 0  m L  o f  h o t  a c e t o n t r i l e .  E v a p o r a t i o n  o f  t h e  s o l v e n t  g a v e  1 . 7 7  

g  o f  a  p a l e  v i o l e t  s o l i d ,  w h i c h  w a s  r e c r y s t a l l i z e d  f r o m  a c e t o n i t r i l e  t o  

y i e l d  1 . 3 2  g  ( 6 1 .2 % )  o f  w h i le  c r y s t a l s ,  m p  2 1 6 - 2 1 8  ° C  d e c .  A n a l .  C a l c d  

f o r  C 6H 9 CIO4S: C ,  3 3 . 8 9 ;  H ,  4 . 2 7 ;  S ,  1 5 . 0 8 .  F o u n d :  C ,  3 3 . 8 5 ;  H ,  4 . 1 9 ;  

S ,  1 5 . 2 9 .  T h e  I R  s p e c t r u m  s h o w e d  a  b r o a d  b a n d  a t  1 1 0 0  c m - 1  a s 

s i g n a b l e  t o  p e r c h l o r a t e .  T h i s  c o m p o u n d  is  s l i g h t l y  s o l u b l e  in  a c e t o 

n i t r i l e  a n d  n it r o m e t h a n e ,  a n d  in s o lu b le  in  s u c h  s o lv e n t s  a s  c h lo r o f o r m , 

d i c h l o r o m e t h a n e ,  c a r b o n  t e t r a c h l o r i d e ,  d i m e t h y l  s u l f o x i d e ,  d i -  

m e t h y l f o r m a m i d e ,  t e t r a n i t r o m e t h a n e ,  a n d  n i t r o b e n z e n e .

Trapping of the Tricyclic Episulfonium Ion (22) under Sol- 
volytic Conditions. T o  a  s t i r r e d  s o l u t i o n  o f  1 3 0  m g  ( 1  m m o l)  o f  t h e  

e x o  a lc o h o l  (8ex) d i s s o l v e d ,  a t  0  ° C ,  in  2  m L  o f  a  1 : 1  m i x t u r e  o f  t r i -  

f l u o r o a c e t i c  a c i d  a n d  t r i f l u o r o a c e t i c  a n h y d r i d e  w a s  a d d e d  0 . 1 7  m L  

o f  6 0 %  p e r c h l o r i c  a c i d  s o l u t i o n  w i t h  t h e  a i d  o f  a  m i c r o s y r i n g e .  A f t e r  

s t i r r i n g  f o r  3 0  m in  a t  0  ° C ,  t h e  m i x t u r e  in  w h i c h  s m a l l  a m o u n t  o f  

c o lo r le s s  n e e d le s  a p p e a r e d  w a s  c o n c e n t r a t e d  u n d e r  r e d u c e d  p r e s s u r e  

t o  le a v e  p a le  b r o w n  c r y s t a l s .  D e c o lo r iz a t io n  o f  a  s o lu t io n  o f  t h e  c r y s t a l s  

d i s s o l v e d  in  a c e t o n i t r i l e  w i t h  a c t i v e  c a r b o n  a n d  e v a p o r a t i o n  o f  t h e  

s o l v e n t  g a v e  2 1 0  m g  (9 9 % ) o f  w h i t e  c r y s t a l s ,  w h i c h  w a s  r e c r y s t a l l i z e d  

f r o m  a c e t o n i t r i l e  t o  y i e l d  w h i t e  p r i s m s ,  m p  2 1 6 - 2 1 8  ° C  d e c .  T h e  *H  

N M R  s p e c t r u m  in  t r i d e u t e r i o n i t r o m e t h a n e  s h o w e d  t h e  t y p i c a l  p a t 

t e r n  o f  t h e  s t r u c t u r e  o f  t h e  e p i s u l f o n i u m  io n .
(-)-2-Thiabicyclo[2.2.1]heptan-6-exo-ol[(—) - 8 e x ] .  T o  a  s t i r r e d  

s o lu t io n  o f  1 1 . 5 6  g  ( 5 3 .4  m m o l)  o f  d - c a m p h a n y l  c h lo r id e ,  d e r iv e d  f r o m  

d - c a m p h a n i c  a c i d 1 3  [m p  2 0 2 - 2 0 3  ° C ;  [ « ] 25d  — 6 .9  ( E t O H ,  c  1 . 1 3 ) ] ,  

d i s s o l v e d  in  1 0 0  m L  o f  a n h y d r o u s  p y r i d i n e  w a s  a d d e d  d r o p w i s e  a  

s o l u t i o n  o f  6 .9 5  g  ( 5 3 .4  m m o l)  o f  t h e  r a c e m i c  a l c o h o l  (8 e x )  d i s s o l v e d  

in  1 0  m L  o f  a n h y d r o u s  p y r i d i n e  u n d e r  ic e  c o o l in g .  T h e  m i x t u r e  w a s  

s t i r r e d  o v e r n i g h t  a n d  p o u r e d  in t o  a  m ix t u r e  o f  1 0 0  m L  o f  c o n c e n t r a t e d  

h y d r o c h l o r i c  a c i d  a n d  3 0 0  g  o f  ic e .  T h i s  t r e a t m e n t  w a s  e s s e n t i a l  t o  

o b t a i n  t h e  c o r r e s p o n d i n g  c a m p h a n i c  a c i d  e s t e r .  W h e n  t h e  m i x t u r e  

w a s  p o u r e d  i n t o  c o ld  w a t e r ,  t h e  y i e l d  o f  t h e  e s t e r  d e c r e a s e d  d r a m a t 

ic a l ly  a s  a  r e s u l t  o f  r a p id  h y d r o l y s i s  o f  t h e  e s t e r .  A  v is c o u s  o i l  s e p a r a t e d  

f r o m  t h e  c o ld  a c i d i c  m e d i u m  w a s  e x t r a c t e d  w i t h  c h lo r o f o r m  a n d  t h e  

e x t r a c t  w a s  w a s h e d  t w ic e  w i t h  c o ld  w a t e r ,  d r i e d  o v e r  M g S 0 4, a n d  t h e n  

e v a p o r a t e d  t o  g i v e  1 4 . 9  g  ( 9 0 .3 % )  o f  a  p a l e  b r o w n  o i l .  S c r a t c h i n g  t h e  

o i l  a f t e r  a d d i n g  5  m L  o f  e t h e r  g a v e  2 .2  g  o f  c r y s t a l s ,  w h ic h  w e r e  r e 

c r y s t a l l i z e d  f r o m  e t h y l  a c e t a t e  s e v e n  t i m e s  t o  a f f o r d  5 6 0  m g  o f  c o l 

o r l e s s  n e e d l e s :  m p  1 3 6 - 1 3 7  ° C ;  [ « ] 24d  ~ 2 9 .2  ( C H C I 3 , c  3 . 0 1 ) .  A n a l .  

C a l c d  f o r  C 1 6 H 2 2 0 4S :  C ,  6 1 . 9 1 ;  H ,  7 . 1 4 ;  S ,  1 0 . 3 3 .  F o u n d :  C ,  6 1 . 7 9 ;  H , 

7 .2 8 ;  S ,  1 0 . 2 8 .  N o  m o r e  i n c r e a s e  o f  [ « ] D c o u ld  b e  o b s e r v e d  o n  f u r t h e r  

r e c r y s t a l l i z a t i o n .

T h e  e s t e r  ( 5 3 0  m g , 1 . 7  m m o l)  w a s  d i s s o lv e d  in  1 5  m L  o f  b e n z e n e  a n d

3 .2  m L  ( 1 1  m m o l)  o f  7 0 %  s o d i u m  b i s ( m e t h o x y e t h o x y ) a l u m i n u m  h y 

d r id e  s o lu t io n  in  b e n z e n e  w a s  a d d e d  a t  5 - 1 0  ° C  w i t h  m a g n e t i c  s t i r r in g .  

T h e  s o lu t io n  w a s  a l lo w e d  t o  s t a n d  a t  r o o m  t e m p e r a t u r e  o v e r n i g h t  a n d  

c o m p le x e s  a n d / o r  a n  e x c e s s  h y d r i d e  w a s  d e s t r o y e d  b y  c a r e f u l  a d d i t io n  

o f  1 . 2  m L  o f  0 .5  N  N a O H .  T h e  c l e a r  u p p e r  l a y e r  w a s  d e c a n t e d ,  d r i e d  

o v e r  M g S 0 4, a n d  e v a p o r a t e d  t o  l e a v e  9 8 2  m g  o f  a  v i s c o u s  o i l ,  w h i c h  

w a s  p u r i f i e d  b y  c o lu m n  c h r o m a t o g r a p h y  o v e r  a l u m i n a .  E l u t i o n  w i t h  

b e n z e n e  g a v e  2 2 0  m g  (— 10 0 % )  o f  a  w h it e  w a x y  s o l id .  T h i s  p r o d u c t  w a s  

s h o w n  t o  b e  p u r e  in  ' H  N M R  s p e c t r o s c o p y  a n d  t h i n - l a y e r  c h r o m a 

t o g r a p h y ,  [tr]24D - 1 6 . 8  ( E t O H ,  c  2 .5 ) .
(—)-2-Thiabicyclo[2.2.1]heptan-6-exo-ol p-Nitrobenzoate 

[(-)-10ex]. O p t i c a l l y  a c t i v e  p - n i t r o b e n z o a t e  ( —)-10ex w a s  p r e p a r e d  

f r o m  t h e  r e a c t io n  o f  t h e  o p t i c a l l y  a c t i v e  8 ex ( 2 2 6  m g , 1 . 7 3  m m o l)  w i t h  

3 2 1  m g  ( 1 . 7 3  m m o l)  o f  p - n i t r o b e n z o y l  c h lo r i d e  in  t h e  u s u a l  m a n n e r .

R e c r y s t a l l i z a t i o n  f r o m  i s o p r o p y l  e t h e r  g a v e  4 0 2  m g  ( 8 3 . 1 % )  o f  p a l e  

y e l lo w  n e e d l e s :  m p  1 0 7 - 1 0 8  ° C ;  [<x] 28d  - 2 6 . 2  ( C H C 1 3 , c  2 .6 5 ) .  A n a l .  

C a l c d  f o r  C 1 3 H 1 3 N 0 4 S :  C ,  5 5 .9 0 ;  H ,  4 .6 9 ;  N ,  5 .0 2 ;  S ,  1 1 . 4 8 .  F o u n d :  C ,  

5 5 .8 6 ;  H ,  4 . 8 7 ;  N ,  4 .8 9 ;  S ,  1 1 . 5 7 .

Exchange of an Acetoxy Group in the Solvolysis of 2-Thiabi- 
cyclo[2.2.1]heptan-6-exo-ol Acetate (13ex). A  s o lu t io n  o f  1 7 . 2  m g  

( 0 . 1  m m o l)  o f  13ex a n d  8 .5  m g  ( 0 . 1  m m o l)  o f  s o d i u m  t r id e u t e r io a c e t a t e  

d i s s o l v e d  in  2  m L  o f  t r i d e u t e r i o a c e t i c  a c i d  w a s  h e a t e d  in  a  s e a l e d  

a m p u l e  a t  1 2 5  ° C .  f o r  3 8 0  m i n  ( 1 0  h a l f - l i v e s ) .  T h e  s o l u t i o n  w a s  c o n 

c e n t r a t e d  a n d  e x t r a c t e d  w i t h  e t h e r .  T h e  e x t r a c t  w a s  w a s h e d  w i t h  10 %  

s o d i u m  c a r b o n a t e  s o lu t io n  t h r e e  t im e s  a n d  t h e n  w a t e r ,  a n d  d r ie d  o v e r  

a n h y d r o u s  p o t a s s i u m  c a r b o n a t e .  E v a p o r a t i o n  o f  t h e  s o l v e n t  l e f t  1 2  

m g  o f  a n  o i l  w h o s e  4H  N M R  s p e c t r u m  s h o w e d  n o  m e t h y l  s ig n a l .  M a s s  

s p e c t r u m  in d i c a t e d  a  m o le c u la r  io n  p e a k  a t  m /e  1 7 5  c o r r e s p o n d e d  to  

t r i d e u t e r i o a c e t a t e  o f  8 ex a n d  n o  p e a k  a t  m /e  1 7 2 .

3-Cyclopentenemethanethiol Acetate (18). T o  a  s o l u t i o n  o f  5 . 5  

g  (4 8  m m o l)  o f  p o t a s s iu m  t h io la c e t a t e  d i s s o lv e d  in  4 0  m L  o f  m e t h a n o l  

w a s  a d d e d  a  s o l u t i o n  o f  1 3 . 9  g  ( 4 4  m m o l)  o f  3 - c y c l o p e n t e n e m e t h a n o l  

b r o s y l a t e  d i s s o l v e d  in  8 0  m L  o f  m e t h a n o l  a t  r o o m  t e m p e r a t u r e  w i t h  

s t i r r in g .  T h e  m i x t u r e  w a s  s t i r r e d  a t  6 0  ° C  f o r  2  h  a n d  t h e n  e v a p o r a t e d .  

A f t e r  a d d i n g  3 0  m L  o f  w a t e r  t o  a  r e s i d u e ,  t h e  m i x t u r e  w a s  e x t r a c t e d  

w i t h  e t h e r  a n d  t h e  e x t r a c t  w a s  w a s h e d  w i t h  s a t u r a t e d  s o d i u m  c h lo r id e  

s o l u t i o n ,  d r i e d  o v e r  m a g n e s i u m  s u l f a t e ,  a n d  e v a p o r a t e d  t o  l e a v e  7 .5  

g  o f  a n  o i l ,  w h i c h  w a s  d i s t i l l e d  u n d e r  r e d u c e d  p r e s s u r e  t o  a f f o r d  5  g  

( 7 3 % )  o f  a  c o l o r l e s s  o i l :  b p  5 0 - 5 3  ° C  ( 3  m m H g ) ;  I R  ( f i lm )  1 6 9 5  c m - 1  

( C H 3 C O S ) ;  m a s s  s p e c t r u m  (m /e )  1 5 6  ( M + ), 1 1 3  ( M +  -  C O C H 3 ).

3,4-Dibromocyclopentanemethanethiol Acetate (19). T h e  b a s ic  

p r o c e d u r e  o f  b r o m i n e  a d d i t i o n  w a s  s i m i l a r  t o  t h a t  u s e d  f o r  t h e  a d d i 

t io n  t o  3 - c y c l o h e x a n e m e t h a n e t h i o l  a c e t a t e  r e p o r t e d  b y  J o h n s o n  a n d  

B i l l m a n . 1 1  T h e r e  w a s  o b t a i n e d  t h e  d i b r o m o  d e r i v a t i v e  ( 1 8 )  in  8 5 .6 %  

y i e l d .  P u r i f i c a t i o n  w a s  c a r r i e d  o u t  b y  c o l u m n  c h r o m a t o p r a p h y  o v e r  

s i l i c a  g e l:  I R  ( f i lm )  1 6 9 6  c m - 1  ( C H 3C O S ) ;  m a s s  s p e c t r u m  (m /e ):  1 9 4 ,  

1 9 2  ( M +  -  C H 3C O  -  B r ) ,  1 1 3  ( M +  -  C H 3C O  -  2 B r ) .

6-endo-Bromo-2-thiabicyclo[2.2.1]heptane (20). T o  a  s o lu t io n  

o f  p o t a s s i u m  h y d r o x i d e  ( 1 . 2 5  g , 1 8 . 8  m m o l)  in  3 0  m L  o f  m e t h a n o l  w a s  

a d d e d  a  s o l u t i o n  o f  1 . 7  g  ( 5 .4  m m o l)  o f  t h e  d i b r o m i d e  ( 1 8 )  d i s s o l v e d  

in  2 0  m L  o f  m e t h a n o l ,  w it h  s t i r r i n g  a t  r o o m  t e m p e r a t u r e ,  o v e r  a  p e r io d  

o f  2 0  m in .  T h e n  t h e  r e a c t i o n  w a s  c o n t i n u e d  f o r  2  h  a n d  e v a p o r a t e d .  

T o  t h e  r e s i d u e  w a s  a d d e d  1 0 0  m L  o f  e t h e r  a n d  t h e  s o lu t io n  w a s  w a s h e d  

w i t h  w a t e r  u n t i l  t h e  w a t e r  l a y e r  b e c a m e  n e u t r a l ,  d r i e d  o v e r  M g S 0 4, 

a n d  e v a p o r a t e d  t o  le a v e  9 1 0  m g  ( 8 7 .3 % )  o f  a  p a l e  y e l lo w  o i l ,  w h ic h  w a s  

h ig h ly  p u r e  o n  T L C  a n a ly s i s .  P u r i f i c a t i o n  w a s  r u n  b y  s i l i c a  g e l  c o lu m n  

c h r o m a t o g r a p h y :  m a s s  s p e c t r u m  ( m / e )  1 9 4 , 1 9 2  ( M + ), 1 1 3  ( M + — B r ) ,  

8 5  ( C 4H 5 S + ) .

Measurement of Rates. (A) Titrimetrie Method. T h e  p r o c e d u r e  

w a s  s i m i l a r  t o  t h o s e  u s e d  f o r  m o n o c y c l i c  h e t e r o c y c l e s  p r e v i o u s l y  r e 

p o r t e d . 1 5  T h e  8 0 %  a q u e o u s  a c e t o n e  u s e d  f o r  t h e  h y d r o l y s i s  o f  t h e  e x o  

e s t e r  (lOex) w a s  p r e p a r e d  b y  m i x i n g  8 0  p a r t s  b y  v o lu m e  o f  p u r i f i e d  

a c e t o n e  w i t h  2 0  p a r t s  o f  p u r i f i e d  w a t e r  a t  2 0  ° C  a n d  a d j u s t e d  t o  y i e l d  

a  r a t e  o f  s o l v o l y s i s  i d e n t i c a l ,  w i t h i n  t h e  e x p e r i m e n t a l  u n c e r t a i n t y  o f  

± 3 % ,  w i t h  t h a t  o b s e r v e d  f o r  1 - p h e n y l c y c l o h e x y l  p - n i t r o b e n z o a t e .  

A c e t i c  a c i d  c o n t a i n i n g  0 . 0 1  N  s o d i u m  a c e t a t e  u s e d  f o r  t h e  a c e t o l y s i s  

o f  t h e  e n d o  e s t e r  (11) w a s  p r e p a r e d  a c c o r d i n g  t o  W i n s t e i n ’ s  p r o c e 

d u r e 29  a n d  t i t r a t i o n  w a s  c a r r i e d  o u t  w i t h  0 . 0 1  N  p e r c h l o r i c  a c i d  s o 

lu t i o n  in  a c e t i c  a c i d  u s in g  b r o m o p h e n o l  b l u e  a s  a n  i n d i c a t o r .  R a t e  

c o n s t a n t s  w e r e  c a lc u l a t e d  b y  l e a s t - s q u a r e s  l in e a r - r e g r e s s i o n  a n a l y s i s  

t o  f i r s t - o r d e r  r a t e  e x p r e s s i o n .  T h e  p h y s i c a l  p a r a m e t e r s  w e r e  o b t a i n e d  

b y  E y r i n g ’s  a b s o l u t e  r a t e  e q u a t i o n  u s i n g  a  c o m p u t e r  ( T O S B A C  

3 4 0 0 ) .
(B) Polarimetric Method. T h e  p o la r im e t r ic  m e a s u r e m e n t  o f  r a t e s  

w a s  c a r r i e d  o u t  w i t h  a  J A S C O  a u t o m a t i c  p o l a r i m e t e r  m o d e l  D I P - S L  

in  a  m ic r o  1 - d m  p o l a r i m e t e r  t u b e  o f  ~ 4 . 3  m L  c a p a c i t y  e q u i p p e d  w it h  

a n  o u t e r  j a c k e t .  W a t e r  f r o m  a  2 5 .0 0  ± 0 . 0 3  ° C  t h e r m o s t a t  w a s  c o n 

t i n u o u s l y  c i r c u l a t e d  t h r o u g h  t h e  o u t e r  j a c k e t  d u r i n g  t h e  c o u r s e  o f  t h e  

r a c e m iz a t io n  r u n s .  In  e a c h  r a c e m iz a t io n  r a t e  r u n ,  s o l v e n t  f i r s t  b r o u g h t  

t o  t e m p e r a t u r e  in  t h e  2 5  ° C  t h e r m o s t a t  w a s  u s e d  t o  d i s s o l v e  t h e  

w e ig h e d  q u a n t i t y  o f  t h e  o t p i c a l l y  a c t i v e  e s t e r  [ ( —)-10ex) t o  t h e  m a r k  

in  a  5 - m L  v o lu m e t r i c  f l a s k .  T h e  r e s u l t i n g  0 .0 2 9 - 0 . 0 3  M  s o l u t i o n  w a s  

t h e n  t r a n s f e r r e d  a s  r a p i d l y  a s  p o s s i b le  t o  t h e  p o l a r i m e t e r  t u b e  a n d  

i m m e r s e d  i n t o  t h e  t h e r m o s t a t .  W h e n  r e a d i n g s  w e r e  t a k e n  a t  a p p r o 

p r i a t e  i n t e r v a l s ,  t h e  p o l a r i m e t e r  t u b e  w a s  c a r e f u l l y  l o c a t e d  in  p la c e  

in  t h e  p o l a r i m e t e r  t r o u g h .  T h e  o p t i c a l  r o t a t i o n  v a n i s h e d  a t  t h e  c o m 

p le t i o n  o f  t h e  r e a c t i o n .
Analysis of Solvolysis Product. S o lv o l y t i c  t e c h n iq u e s  w e r e  s im i la r  

t o  t h o s e  u s e d  f o r  r a t e  m e a s u r e m e n t s .  T h e  s o l v o l y s i s  o f  t h e  e x o  e s t e r  

(lOex) w a s  t a k e n  in  8 0 %  a q u e o u s  a c e t o n e .  T o  a  s o l u t i o n  i m m e r s e d  in  

a  t e m p e r a t u r e - c o n t r o l l e d  b a t h  a t  5 0  ° C  f o r  m o r e  t h a n  1 0  h a l f - l i v e s  

w a s  a d d e d  a n  e q u i m o l a r  a m o u n t  o f  b e n z o p h e n o n e  a s  a n  i n t e r n a l  

s t a n d a r d  f o r  V P C  a n a l y s i s  a n d  t h e  s o lu t io n  w a s  d e h y d r a t e d  b y  a d d in g  

a n h y d r o u s  p o t a s s i u m  c a r b o n a t e .  T h e  r e s u l t i n g  s o l u t i o n  w a s  a n a l y z e d
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by VPC using a short glass column (1 ft X V8 in.) packed with 5% di
ethylene glycol adipate supported on acid-washed 80-100 mesh 
Chromosorb W. The column was maintained at 100 °C with a flow rate 
of 25 mL/min of N2. Under the VPC condition, only one peak was 
observed at 28 min of retention time as a produce of solvolysis, which 
was consistent with that of the exo alcohol (8ex). Quantitative analysis 
by comparison with an internal standard was done by the use of a 
reporting integrator (Hewllet Packard Model 3880) and gave 97.6% 
yield as a result of a corrected value.

When the exo alcohol was analyzed using a 6 or 8 ft X Vs in. column, 
another new peak appeared. It was consistent with the dimeric ether 
14, which was attributed to the formation of 14 by thermal conversion 
of 8ex on a column.

The solvolysis of the endo ester (11) was done in acetic acid con
taining an equimolar amount of sodium acetate. A solution heated 
in a sealed ampule at 125 °C for more than 10 half-lives was trans
ferred to a small flask and an equal volume of water and acetone, then 
an equivalent of benzophenone as an internal standard for VPC 
analysis was added. The solution which was neutralized and dehy
drated by adding anhydrous potassium carbonate was analyzed by 
VPC performed under the same conditions as used for the exo de
rivative. There was observed a single peak at 19 min retention time, 
which was consistent with that of the exo-acetate (13ex), and no other 
peaks were detected even under conditions capable of detecting at 
least 0.2% impurity. Quantitative analysis resulted in 85.4% yield.

Moreover, products from the two isomers (1 Oex and 11) were iso
lated respectively and their structures were characterized by 'H NMR 
and mass spectra.
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The 2,6-diazabicyclic carbinolamine 17 has been isolated from the reaction of the 1,2-diazabicyclic ketone 1 in 
methanol plus EtaN; 17 gives the same products (13 and 14) on further reaction in methanol as does 1. The reaction 
of ketone lb  with base gives the enamino ketone 30 plus glycine, indicating attack at the carbonyl group. Four reac
tion pathways of 1 are summarized.

The chemistry of the bicyclic ketones 1 (Scheme I) is un
usually rich and varied. Thus, different products are obtained 
on warming the compounds in methanol, methanol plus acid, 
methanol plus base, and in methanol-benzene mixtures. 
Moreover, the product mixtures in higher alcohols differ sig
nificantly at reaction temperatures of 60 and 70 °C.2 In an 
earlier paper,3 we described a number of the reactions in 
methanol and offered some speculation on their pathways. We 
now report further work on the reactions of I in alcohols which

Scheme I

confirms some of the earlier ideas, disproves others, and 
clarifies the situation considerably.

Taking together the previous findings and new results, the 
chemistry of 1 can be discussed in terms of four groups of re
actions, each arising by a different primary event.

Group 1. Acid-Catalyzed Reactions. These reactions are 
summarized in Scheme I. The products can be accounted for 
in each case by protonation of N-l and attack of a nucleophile 
at C-3. In aqueous media the final product is the pyridinium 
system 4.4 In acetic acid the dihydrodiazepinone 6 is obtained, 
probably by cyclic elimination of an anhydride. In methanol 
containing a small amount of a carboxylic acid, the 7- 
methoxytetrahydrodiazepinones 7 (R' = Me) are produced.4 
In the present work we have found that the corresponding
7-ethoxydiazepine (7a; R' = Et) can be obtained from the 
acetyl ketone in ethanol under comparable conditions, but not 
from the benzoyl ketone. Nucleophilic addition is slower, 
apparently due to steric factors, and the reactions of Group 
3 occur (vide infra). However, the 1-benzoyl-7-ethoxy com
pound 7b (R' = Et) can be readily isolated after warming the 
benzoyl ketone in ethanol in the presence of magnesium sul
fate.

Group 2. Thermal Reactions. The initial step in these 
reactions is opening of the bicyclic system to the diazepinium 
betaine 8 (Scheme II), followed by recyclization to the dipolar 
valence isomer 9.2 Further reactions of 9 lead to 12 in benzene 
or to the pyridazinones 10 or pyrrolinones 11 in alcohols. This 
sequence is the major pathway followed in reactions of 1 in 
anhydrous ethanol at temperatures above 70 °C and in higher 
alcohols. With methanol the formation of 10 is observed only

Scheme II

CH3 CH:i

N u c H  =  

R ' O H

a, R  = CH3; b, R = C6HS 10

0099.3903/78/1043.4091 SOI 00/0 Cc) 1078 American Chemical Society
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if the polarity of the medium is reduced (and the temperature 
is increased) by diluting the methanol with benzene; otherwise 
the reactions of Group 3 occur.

Group 3. Alcoholysis Reactions. The main products in 
this group are the 6-acylamidopyridines 13 and 1-acylpyrro- 
linones 14. When a solution of the benzoyl ketone in methanol 
is warmed to 50 °C for 1.5 h, 13b and 14b are obtained in a

a, R = CH3 ; b, R = C6H5

ratio of about 2:1 in a total yield of 80%; ammonia and tri
methyl orthoformate are byproducts in the formation of 14.3 
Partial deacylation of 14b occurs on prolonged reaction 
time.

By NMR examination of product mixtures from numerous 
small-scale experiments, we have obtained information on the 
boundaries for the reaction conditions leading to 13 + 14 and 
products from Groups 1 and 2. In ethanol solution, 13 and 14 
are produced together with the “ thermal product” 10 (R' = 
Et; Scheme II). The proportion of 10 increases steadily from 
50 to 75 °C, and only minor amounts of 13 and 14 are formed 
in refluxing absolute ethanol. The presence of 1% of water in 
ethanol causes a marked decrease in the amount of 10, and the 
disappearance of 1 is more rapid.

Addition of a trace of acetic acid to the alcohol causes a 
marked increase in the proportion of the pyrrolinone 14 rel
ative to pyridine 13; with the acetyl ketone la the 7-alkoxy- 
diazepinone 7 (Scheme I) then becomes a major coproduct. 
Correspondingly, the addition of a trace of tertiary amine 
suppresses the formation of 14 relative to 13.

To summarize, the distribution of products arising from la 
and lb in alcohols depends on both the temperature and the 
reaction medium. In a given solvent, e.g., ethanol, an increase 
in temperature favors the thermal reaction (Group 2). On the 
other hand, an increase in the polarity of the solvent (meth
anol vs. ethanol and wet ethanol vs. anhydrous ethanol) pro
motes the process of Group 3, leading to 13 and 14. The ad
dition of acetic acid effects both the partitioning of 1 between 
Groups 1 and 3 and also the ratio of products within Group 
3, indicating that a step subsequent to the initial reaction in 
the Group 3 sequence is susceptible to acid.

The pathway to 13 and 14 was previously postulated3 to 
involve elimination in the acylhydrazino ketone system of 1 
to give the azetinone 15 and subsequent addition of methanol 
to give 16 (Scheme III). We have now isolated this latter in
termediate in the form of bicyclic carbinolamine 17.

When the reaction of the benzoyl bicyclic ketone lb was 
followed by NMR spectroscopy in CD3OD-CDCI3 solution, 
peaks due to an intermediate appeared and then subsided to 
give the spectrum of 13 + 14. After adjusting the conditions, 
17b was obtained in large colorless crystals by a 15-min 
treatment of lb at 36 °C with a solution of methanol and 
chloroform containing a trace of triethylamine. The IR (3550 
cm- 1 for OH and 3360 cm- 1 for NH), 4H NMR, and 13C NMR 
spectra all support structure 17b. The proton-decoupled 13C 
NMR spectrum contained a peak at 92.8 ppm, which in a 
SFORD spectrum was resolved into a singlet at 92.9 ppm due 
to C-5 and a doublet at 92.7 ppm due to C-7. The configuration 
of the methoxy group in 17b is not assigned. Acetylation of 17b 
gave an N-acetyl derivative. The ethoxy compound analogous

to 17b was obtained by treatment of lb with ethanol and tri
ethylamine in chloroform.

The bicyclic carbinolamine 17b is a highly reactive com
pound, and it rapidly decomposes in solution to give the 6- 
benzamidopyridine 13b and benzoylpyrrolinone 14b. In 
methanol, ethanol, or benzene, the pyridine is the major 
product. In C6D6 solution at 55 °C, i i/2 for the conversion of 
17b to 13b plus methanol is about 45 min; a small amount 
(<10%) of the pyrrolinone 14b can be detected by NMR. 
Addition of a trace of acetic acid to the benzene results in a 
large increase in the amount of 14b. Thus, it seems quite clear 
that 17b, arising via 15b as previously suggested, is an inter
mediate in the low temperature alcoholysis reactions of lb.

For the subsequent steps leading from 17 to the pyridine 
13, we originally suggested3 an elimination from the ketone
16 to an acyclic structure followed by ring closure. An alter
native which might be considered for the thermal reaction of
17 is a 1,3-sigmatropic rearrangement to the bicyclo[2.2.1] 
structure 19 (Scheme IV). Although an analogous [3.2.0] -*
[2.2.1] process is observed in carbocyclic systems at 300 °C,5 
there is no precedent for such a rearrangement of nitrogen and 
the elimination-cyclization path, perhaps modified as shown 
in Scheme IV, seems as satisfactory a rationalization as 
any.

The formation of the pyrrolinone 14 also involves breaking 
the C5-N  bond. This reaction can be depicted as in Scheme 
V, with the cation 21 as an intermediate. Loss of methyl for- 
mimidate then leads to the hydroxypyrrole which can tau- 
tomerize to the A4-pyrrolinone 23 and finally to the more 
stable A3-pyrrolinone 14. When the carbinolamine 17b was 
treated with aqueous methanolic HC1 under conditions such 
that the product precipitated directly from solution, a mixture 
was obtained whose NMR spectrum showed the presence of 
the A4 isomer 23b [6 1.45 (d, J = 7 Hz), 3.78 (q, J = 7 Hz), 6.80 
(s)]. Further treatment of the mixture with acid converted 23b 
to 14b.

The reaction of 17b in base takes a different course. The 
compound dissolved rapidly in 2 N aqueous NaOH, and after 
standing at 25 °C for 2 h the benzamido ketone 25 was isolated 
in 41% yield. This compound, previously3 identified among 
the products of lb in aqueous base, may arise by attack of 
hydroxide at the carbonyl group of the ketonic tautomer lb 
to give the enamine 24 followed by hydrolysis to 25 and 
methoxyglycine (Scheme VI).

In the acetyl series, a compound assigned the carbinolamine 
structure 17a was obtained from la under the same conditions 
used for 17b. The 4H NMR spectrum at 25 °C of the initial 
crystalline product showed two sets of peaks of approximately 
equal intensities for the CH3CO, OCH3, H-7 and H-3 signals.
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Scheme IV

1

At 35 °C these peaks began to coalesce; at 45 °C coalescence 
was complete. The NMR observations and the fact that 17a 
redissolved quite slowly in organic solvents suggest that the 
compound may be in equilibrium with a dimeric or higher 
oligomeric form. At 40 °C peaks due to the pyrrolinone 14a 
began to appear; after 1 h about 40% of the mixture was 
14a.

The pyrrolinone 14a was the main product (from NMR of 
total reaction mixtures) in the reactions of 17a in methanol 
and in benzene; pyridine 13a was present in smaller amounts. 
These reactions were not as clean as those of the benzoylcar- 
binolamine 17b, and significant quantities of decomposition 
products were also present. Surprisingly the pyrrolinone was

Scheme VI

Scheme VII

28 29

also obtained from the reaction of 17a in aqueous base, and 
there was no indication of ketone 25. The relatively larger 
proportion of pyrrolinone to pyridine in the acetyl series was 
also observed in the reaction of the ketone la in methanol,3 
and the data are thus consistent with 17a being an interme
diate in the reactions of la in alcohol. However, the picture 
with the acetyl compounds is less clear than that in the ben
zoyl series, and the reason for the differences in product 
composition is obscure.

Group 4. Reactions in Base. In aqueous KOH the acetyl 
ketone la gives the aminopiperidone 28 with a trace of the 
pyridone 29, which is formed by loss of ammonia from 28.3 
These products are presumed to arise by addition of water to 
the azetinone 15 with subsequent ring opening, deacylation, 
and recyclization (Scheme VII); their isolation provided the 
major basis for the original suggestion of azetinone 15 as an 
intermediate in reactions of the bicyclic ketones.

In the benzoyl series, the reaction of lb in aqueous metha- 
nolic base gave a complex mixture from which traces of the 
pyridone 29 and the benzamido ketone 25 (Scheme VI) were 
isolated.3 The product obtained in largest amount (35%) was 
the enamino ketone 30. Pathways were proposed with 27 (R

16
H . O - K O H

M e O H
+ 2 5 + 2 9

= Ph) as an intermediate for all three products.3 In view of the 
isolation of 25 from the methoxy intermediate 17b <=± 16b, the 
route lb —• 16b — 24 (Scheme VI) now seems a more likely 
source of 25 in the product mixture from lb in HgO- 
CH3OH-KOH.

The question of the origin of the major product 30 remains. 
The pathway suggested3 via 27 requires the elimination of 
(CHOHCO2H)“  and poses several difficulties. An alternative 
was suggested by the reaction of 17b <=> 16b to give 25 with loss
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Scheme VIII

—  30 +  nhx:h c o ,h

of a two-carbon fragment (Scheme VI). Similar attack by 
hydroxide at the carbonyl group of lb would lead to the in
termediate 31 by heterolytic fragmentation,6 and the final 
products would be the enamino ketone 30 and glycine 
(Scheme VIII). To test this possibility, the aqueous solution 
from the reaction of lb in aqueous methanolic base was 
subjected to amino acid analysis, and glycine was found in 24% 
yield. Thus, carbonyl attack appears to represent still another 
mode of reaction of the bicyclic ketone.

In summary, evidence now indicates that the diverse 
products obtained to date from the diazabicycloheptenones 
la,b involve four different initial reactions rather than the two 
types proposed previously.3 These four pathways occur under 
conditions which differ only slightly from one to another, and 
their rates are very delicately balanced, as seen in the con
currence of reactions in Groups 1, 2, and 3 and Groups 3 and
4.

Experimental Section
NMR spectra designated FT 90 MHz were recorded on a Bruker 

HFX 90 instrument; other NMR spectra were obtained on a Per- 
kin-Elmer R-12B instrument.

l-Acetyl-7-ethoxy-5-methyl-6-phenyl-l,2,3,7-tetrahydro- 
4Jf-l,2-diazepin-4-one (7a; R' = Et). A solution of 240 mg of la in
20 mL of ethanol containing about 0.5 mL of acetic acid was allowed 
to stand for 2 days at 25 °C. After evaporation to a gum and reevap
oration of added solvent to remove AcOH, crystallization from ether 
gave 130 mg of 7a (R' = Et) as a white solid which was recrystallized 
from ethanol: mp 129-130 °C; NMR 8 1.05 (t, 3, J  = 7 Hz), 1.83 (s, 3),
2.28 (s, 3), 3.48 (q, 2,J  = 7 Hz), 3.7-4.0 (m, 2, CH2), 5.0 (brd, NH), 6.45 
(s, 1, H-7),7.35 (brd s. 5).

Anal. Calcd for C16H20N2O3: C, 66.64; H, 6.99. Found: C, 66.85; H,
6.72.

Under the same conditions, the benzoyl ketone lb gave mainly 14b 
with a small amount of 13b and no 7b (based on NMR).

1- Benzoyl-7-ethoxy-5-methyl-6-phenyl-l,2,3,7-tetrahy- 
dro-4H-l,2-diazepin-4-one (7b; R' = Et). A solution of 110 mg of
lb in 10 mL of absolute ethanol plus 330 mg of anhydrous MgSCb was 
kept at 50 °C for 22 h. After filtration, the solution was evaporated 
to a gum which crystallized from ethanol-water to give 60 mg of 7b 
(R' = Et): mp 117-118 °C; NMR 8 1.05 (t, CH3CH2, J = 6.6 Hz), 1.84 
(s, CH3), 3.55 (q, -CH 2-, J = 6.6 Hz), 3.90 (brd s, CH2), 5.0 (v brd, 
NH), 6.4 (brd s, H-7), 7.3-8.0 (m, Ar) (similar broadening of peaks at 
ambient probe temperature is also seen in the NMR spectrum of the 
l-benzoyl-7-methoxytetrahydrodiazepinone4).

Anal. Calcd for C21H22N2O3: C, 71.98; H, 6.33. Found: C, 71.92; H, 
6.38.

The corresponding l-benzoyl-7-methoxytetrahydrodiazepinone 
was similarly formed, together with traces of 13b and 14b, in methanol 
with MgSO.i.

2- Benzoyl-5-methyl-4-phenyl-7-methoxy-2,6-diazabicyclo- 
[3.2.0]-3-hepten-l-ol (17b). A 200-mg amount of the benzoyl bicyclic 
ketone lb  was dissolved by stirring in 4 mL of a mixture of chloroform, 
methanol, and triethylamine (5:10:0.1 v/v). After standing for 15 min 
in a 36 °C water bath, the solution was evaporated in vacuo to a pale 
yellow oil. CCI4 (2 mL) was added, and the solution was again evap
orated; this step was repeated, and the residue, after evaporation, was 
a pale cream foam. The addition of ether and brief stirring caused the 
crystallization of 17b as dense colorless prisms: 120 mg (60%); 90-93 
°C decomposes; IR v (CHCI3) 3550 (OH), 3360 (NH), 1620,1640 cm' 1 
[after shaking the CHC13 solution with D20 , small peaks appeared 
at 2620 and ~2500 cm-1, indicating OD and ND]; *H NMR 8 1.60 (s,

3), 3.56 (s, 3), ~4.0-4.6 (v brd; in D20  -»■ 0), 5.08 (s, 1, H-7), 7.02 (s, 
1, H-3), 7.3 and 7.6 (brd, Ar); 13C NMR (FT 90 MHz, 8% in CDCI3)
8 19.3 (q, CCH3), 54.9 (q, OCH3), 70.3 (s, C-5), 92.7 (d, C-7), 92.9 (s, 
C-l), 125.8 (d, C-2 (ortho) of 4-Ph group), 127.2 (d, C-4 of 4-Ph plus 
C-3), 128.0 (d, C-2 of PhCO ring), 128.7 (d, C-3 (meta) of both Ph), 
129.0 (s, C-4), 131.4 (d, C-4 of PhCO), 131.8 (s, C-l of 4-Ph), 134.0 (s, 
C-l of PhCO), 167.2 (C = 0 ).

Anal. Calcd for C20H20N2O3: C, 71.41; H, 5.99; N, 8.33. Found: C, 
71.58; H, 5.97; N, 8.43.

Reaction of 17b in Acid. A. In Methanol. To a solution of 80 mg 
of 17b in 0.8 mL of methanol plus 0.2 mL of H20  was added 0.4 mL 
of 1.0 N HC1. A mass of colorless crystals separated within a few sec
onds. The mixture was extracted with CH2C12, and the organic solu
tion was washed, dried, evaporated, and reevaporated with CCI4. The 
NMR spectrum of the solid residue contained predominant peaks at 
8 2.08 (t, J ~  1 Hz), 4.84 (q, J ~  1 Hz), and 7.54 (brd), corresponding 
to the A3-pyrrolinone 14b, and a very small doublet at 8 1.43 (J = 7 
Hz) due to the A4 isomer 23b. Crystallization of the product from ether 
gave 34 mg of 14b as colorless prisms, mp 145-147 °C (lit.3 mp 145-146 
°C), and 11 mg of a lower melting material.

B. In Water. To a suspension of 110 mg of 17b in 2 mL of water was 
added 0.5 mL of 1 N HC1. The mixture immediately became milky; 
a yellow oil separated and partially crystallized on stirring. After 30 
sec, the mixture was extracted with CH2C12; the residue, after evap
oration with CCI4, showed peaks for the A3-pyrrolinone (as above) and 
the A4 isomer 23 in a ratio of roughly 2:1. The complete spectrum of 
the A4 isomer was 8 1.45 (d, J = 7 Hz), 3.78 (q, J = 7 Hz), 6.80 (s), and
7.45 (s). Several crops of low melting crystals were obtained, the NMR 
spectra of which indicated mixtures.

A solution of the pyrrolinone mixture in CDC13 containing a drop 
of CF3CO2H and CH2C12 as an internal standard was allowed to stand 
for 14 h, and the NMR spectrum was recorded. The peaks due to 23 
were no longer present, and the intensity of the peaks due to 14b had 
increased relative to the CH2C12 peak, establishing the conversion 23 
— 14b.

Acetylation of 17b. To a solution of 500 mg of 17b in 6 mL of 
CH2C12 was added 1 mL of acetic anhydride and 1 mL of pyridine. 
After 40 min, the CH2C12 was evaporated and the oily residue was 
triturated with water to give a solid which was washed and air-dried, 
560 mg (mp 147-150 °C). Recrystallization from methanol-water gave 
colorless crystals of the N-acetyl derivative: mp 155-156 °C, IR v 
(CHCI3) 3530 (OH), 1660,1610 cm“ 1; NMR 8 (CDC13) 1.76 (s, 3), 2.06 
(s, 3), 3.75 (s, 3), 5.40 (s, 1), 5.7 (brd, s; in D20  — 0), 7.08 (s, 1), 7.4,7.6 
(m, Ar).

Anal. Calcd for C22H22No04: C, 69.82; H, 5.86; N, 7.40. Found: C, 
69.85; H, 5.88; N, 7.25.

7-Ethoxy Analogue of 17b. A solution of 200 mg of lb in 4 mL of
EtOH-CHCl,3-E t3N (10:5:0.1) was kept at 36 °C for 15 min and then 
evaporated. After addition and removal of CCI4, addition of ether gave 
white crystals: mp 60-70 °C; NMR 8 1.30 (t, 3), 1.58 (s, 3), 3.78 (q, 2),
5.15 (s), 7.05 (s, 1), 7.4 (m).

Thermal Reaction of 17b. A. A solution of 128 mg of 17b in 2 mL
of benzene was kept at 50 °C for 3.5 h and then evaporated to give 63 
mg of the benzamido pyridine 13b: mp 210-211 °C; NMR 1.9 (s, CH3),
7.4 (m, Ar), 8.0 (s, H.2). The NMR spectrum of the mother liquor 
showed peaks for 13b and the pyrrolinone 14b.

B. A solution of 17b in benzene-d6 containing Me4Si was placed in 
a 55 °C bath, and the NMR spectrum was scanned at 15-min intervals. 
Peaks due to the pyridine 13b and methanol were present after 15 
min. After 45 min, the CH3O peaks due to starting material 17b and 
methanol were of equal intensity. After 75 min at 55 °C and 12 h at 
25 °C, the spectrum showed peaks due to 13b and methanol and a 
trace (~5%) of the pyrrolinone 14b.

C. A solution of 17b in benzene containing 0.5% acetic acid was al
lowed to stand at 25 °C for 150 min and then evaporated. The NMR 
spectrum showed roughly equal amounts of 13b and 14b and no 
17b.

Reaction of 17b in NaOH. A 100-mg sample of 17b was added to 
1 mL of 2 N NaOH. The solid dissolved rapidly to give a clear pale 
yellow solution. After 90 min, the solution was diluted with 2 mL of 
water, giving an oily precipitate which became crystalline on addition 
of a few drops of methanol. Acid was then added to neutralize part 
of the base, and after standing for 2 h the solid was collected, washed, 
dried, and recrystallized from ether to give 36 mg (45%) of the ben
zamido ketone 25, mp 125-126 °C (lit.3 mp 125-126 °C); semicarba- 
zone, mp 172-175 °C (lit.3 mp 172-174 °C).

2-Acetyl-5-methyl-4-phenyl-7-methoxy-2,6-diazabicyclo- 
[3.2.0]-3-hepten-l-ol (17a). A solution of 400 mg of la in 4.5 mL of 
CHCl3-MeOH-Et3N (5:10:0.1) was kept at 31 °C for 12 min and then 
evaporated. The white solid residue was stirred with ether, and 213
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mg (47%) of white crystals was collected. The melting point was 
93-100 °C with decomposition and partial resolidification. The 
compound was recrystallized by dissolving it in CH2CI2 (several 
minutes of warming required); the solution was filtered to clarify and 
then evaporated at reduced pressure to a solid which was rinsed with 
ether. This material decomposed with softening and slight darkening 
at 95-100 °C.

Anal. Calcd for Ci5Hi8N20 3: C, 65.67; H, 6.61. Found: C, 65.67; H,
6.42.

The 90 MHz FT proton NMR (CDCI3) spectrum at 25 °C showed 
the following: a 1.51 (s, 5-CH3), 2.19 and 2.25 (two s, CH3CO), 3.45 and 
3.47 (two s, CH3O) 4.86 and 4.94 (two s, H-7), 6.87 and 7.52 (two s, 
H-3), 7.26 and 7.28 (two s, C6H5). At 45 °C, the spectrum showed 
peaks due to 17a at 6 1.50, 2.20, 3.45, 4.90, and 7.27 (the coalesced 
peaks due to H-3 were merged with the large C6H5 peak at 5 7.27) and 
peaks due to pyrrolinone 14a at 5 2.10 (t, 3-CH3), 2.61 (CH3CO), 4.59 
(CH2), and 7.47 (s, C6H5) [lit.3 5 2.08 (t), 2.60 (s), 4.58 (q), 7.48 (s)]. 
After 20 min at 45 °C, integration of the CH3 peaks indicated 23% of 
14a, after 30 min, 30% of 14a, and after 1 h, 42% of 14a.

Identification of Glycine from Reaction of lb and KOH. A 
30-mg (lOO-^mol) amount of the benzoyl bicyclic ketone lb was dis
solved in 0.2 mL of 10% aqueous KOH containing a drop of methanol. 
After 2 h, the solution was diluted with water, and 10.5 mg of serine 
plus 11.7 mg of valine (100 Mmol) were added as standards. The pH 
was adjusted to 6, causing a yellow gum to separate. After filtration

through Darco, the solution was further diluted and analyzed on a 
Beckman 120C amino acid analyzer.7 The ratio of standards/glycine 
was 4.15, indicating a 24% yield of glycine based on lb.

Registry No.— la, 5109-37-5; lb , 5109-45-5; 7a (R' = Et), 
67350-78-1; 7b (R' = Et), 67350-77-0; 13b, 10137-10-7; 14a, 10147-
13-4; 14b, 10137-11-8; 17a, 67328-94-3; 17b, 67328-95-4; 17blV-acetyl 
derivative, 67328-96-5; 17b 7-ethoxy analogue, 67328-97-6; 23b, 
67328-98-7; 25b, 10137-17-4.
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13C-Labeled Benzo[a]pyrene and Derivatives. 1. Efficient Pathways to 
Labeling the 4, 5,11, and 12 Positions1’2

Richard S. Bodine, Mark Hylarides, Guido H. Daub,* and David L. VanderJagt

Department of Chemistry, University of New Mexico, Albuquerque, New Mexico 87131

Received February 24, 1978

Efficient pathways leading to the synthesis of benzo[a]pyrene labeled with 13C in the 4, 5, 11, or 12 positions are 
described. A method of synthesis of the benzo[a]pyrene-4,5- and -11, 12-quinones leading to labeling in the 4 or 5 
and 11 or 12 positions, respectively, is also presented, allowing ready access to the labeled 4,5- and 11,12-oxides. The 
values of the 13C NMR chemical shifts for C4, C5, Cu, and Ci2 of benzo[a]pyrene were determined using the labeled 
compounds.

Discussion
As part of a program to develop efficient syntheses of the 

potent carcinogen benzo[a]pyrene labeled with 13C (90%) at 
each one of the peripheral carbon atoms of the ring system we 
have successfully developed such routes to the 4-, 5-, 11-, and
12-labeled benzo[a]pyrenes (la, lb, lc, and Id). In addition,

la , label at C4 2a, C4 label 3c, C u label
lb ,  label at Cs 2b, C5 label 3d, C 12 label
lc ,  label at C ,,
ld, label at C 12

4a, C4 label 
4b, C s label

5c, C ,, label 
5d, C ,. label

the benzo[a]pyrenequinones 2 and 3 have been prepared as 
intermediates for the synthesis of the corresponding arene 
oxides 4 and 5.

The synthesis of benzo[a]pyrene (1) from 1,2-dihydro- 
chrysen-4(3/i)-one (6)3a and from 3,4-dihydrobenz[a]an- 
thracen-l(2H)-one (7)4 was studied (Scheme I), since these 
ketones are relatively easily synthesized and have been shown 
previously to undergo the Reformatsky reaction315'4 in mod
erate yield. Furthermore, these two approaches wculd allow 
the introduction of the 13C label at the 4 or 5 and the 11 or 12 
positions, respectively, late in the synthesis depending on the 
position of the label in the starting ester. It was felt that the 
Reformatsky reaction as carried out earlier315'48 would be 
unsuitable for labeling studies, since an excess of bromo ester 
was used, and in the case at hand this would contain the label. 
Attempts to prepare the hydroxy esters 8 and 9 via the Re
formatsky reaction failed to give satisfactory yields using 
equimolar ratios of the ketones 6 or 7 and ethyl bromoacetate 
even under conditions reported to give excellent yields for 
selected ketones.6-7 However, when the ketone 6 or 7 was al
lowed to react with the lithium enolate of ethyl acetate8 in 
THF at -78  °C, the hydroxy ester 8 or 9 was obtained in 82% 
yield. The hydroxy esters 8 and 9 rapidly revert to the re
spective ketones if the reaction mixture is allowed to warm to 
room temperature before acidification; thus, acidification of 
the reaction mixtures had to be carried out at —78 °C in order 
for the hydroxy esters to survive.

0022-3263/78/1943-4025$01.00/0 © 1978 American Chemical Society
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Schem e I

12A,B 10A.B 11A,B

Indeed, the esters 8,9,15, and 16 undergo rapid retroaldol 
reactions when treated with lithium isopropylcyclohexylamide 
in THF at 15-25 °C, and we are currently studying the gen
erality of this reaction.

Dehydration and dehydrogenation of the hydroxy esters 
8  or 9 was accomplished by heating w ith Pd/C at 250 °C to 
afford the arylacetic esters 10A  or 10B  in 82 and 89% yields, 
respectively. Saponification of either ester with ethanolic 
potassium hydroxide gave the corresponding acid 12A or 12B 
in excellent yield. Reduction of the esters with DIBAH at -78  
°C in toluene afforded the respective aldehydes 11A  and 1 IB , 
which were directly cyclized to benzo[a]pyrene ( 1 ) by treat
ment with methanesulfonic acid in overall yields of 85 and 
82%, respectively, from 10A  and 10B.

Cyclization of either of the arylacetic acids, 12 A  or 12B, with 
methanesulfonic acid9 gave the respective phenols, 13 or 14, 
which were directly oxidized w ith Fremy’s sa lt 10  in buffered 
aqueous acetone to the corresponding quinones, 2 and 3.

The overall yield of benzo[a]pyrene from the ketone 6  was 
52% and from the ketone 7 was 55-60%. The overall yields of 
the quinones 2 and 3 from the ketones 6 and 7 were 51 and
52-57%, respectively. These overall yields are sufficiently good

to render these approaches to benzo [a] pyrene useful for the 
synthesis of the 1 3C-labeled compounds l a - d .  In addition, the 
route via the quinones 2 and 3 to the respective arene oxides 
4a, b  and 5 c , d  represent excellent paths for the synthesis of 
such labeled systems. 1 1 - 1 3

We have utilized the sequences described above in syn
thesizing benzo[a]pyrene-5-13C ( l b )  and -11-13C ( l c )  using 
ethyl acetate- 1-13C (17) andbenzo[a]pyrene-4-13C ( l a )  and -12-l3C (Id ) from ethyl acetate-2-13C (18). Both labeled esters 
17 and 18 were prepared in better than 90% yield by allowing 
labeled sodium acetate to react with triethyl phosphate at 180 
°C . 14  The labeled quinones 2a, b  and 3 c , d  have also been 
prepared.

Carbon-13 NMR spectra of the benzo [a] pyrenes l a - d  have 
allowed us to identify the chemical shifts for the carbon atoms 
in the 4,5,11, and 12 positions of benzo [a] pyrene. Indeed, the 
correct chemical shifts for C4, C5, and C1 2  of benzo [a] pyrene 
are 127.63,128.00, and 127.33 (5C from Me4Si), respectively, 
and not 127.33,127.66, and 128.00, respectively, as assigned 
by Buchanan and Ozubko1 5  based on model compounds, 
empirical correlations, and deuterium substitution. The 
chemical shift for Cn was identified as 1 2 2 .0 0 , in agreement 
w ith the value assigned by these workers. The 13C NM R 
spectra were measured by spiking a 0.24 M solution of ben- 
zo[a]pyrene in CDCI3 successively with small amounts of the 
labeled products la , lb , l c ,  and Id , and running the spectrum 
at 32 °C after each addition.

E x p e r im e n ta l  S e c t io n

Melting points were obtained with a Thomas-Hoover capillary 
melting point apparatus and are uncorrected as are reported boiling 
points. Elemental analyses were performed by Mrs. Ruby Ju of the 
Department of Chemistry. IR measurements were obtained on a 
Perkin-Elmer Model 337 spectrophotometer. *H NMR spectra at 60 
MHz were recorded on a Varian A-60 or Varian EM-360 instrument 
at ambient temperature. 13C NMR spectra were obtained in a pulse 
Fourier transform Varian XL-100 or Varian CFT-20 spectrometer. 
Product purity and reaction progress were detected with analytical 
thin-layer chromatography using 2.5 X  10 cm Analtech plates coated 
with silica gel GF.

Ethyl 2 - ( l -H y d r o x y -1,2,3,4 -te tra h y d rob en z [a ]a n th ra cen - 
l-y l)a ceta te  (9). To a mixture of 2.33 g (16.5 mmol) of N -isopro- 
pylcyclohexylamine and 15 mL of anhydrous THF, cooled to —78 °C 
and under a N2 atmosphere, was added 9.4 mL of 1.6 M n-butyllith- 
ium (15.0 mmol) in hexane. This mixture was cooled again to —78 °C, 
and 1.32 g (15.0 mmol) of ethyl acetate in 15 mL of anhydrous THF 
was added dropwise at a rate to maintain the temperature of the re
action mixture below —75 °C. After addition was complete, stirring 
was continued for 15 min, after which time 3.69 g (15.0 mmol) of
3.4- dihydrobenz[a]anthracen-l(2H)-one (7), mp 113.5-114.5 °C, 
dissolved in 45 mL of anhydrous THF was added at a rate which 
maintained the temperature below —75 °C. After the addition was 
complete, stirring at —78 °C was continued for 1 h. The orange com
plex was hydrolyzed by the dropwise addition of 2 mL of concentrated 
HC1 in 10 mL of THF at such a rate as to maintain the reaction mix
ture at a temperature below -70  °C. The mixture was allowed to warm 
to room temperature, and 50 mL of water and 50 mL of ether were 
added. The layers were separated, and the ether layer was extracted 
with two 20-mL portions of 5% HC1. The aqueous layer was extracted 
with 25 mL of ether, and the combined ether extracts were dried over 
MgS04. Removal of the ether afforded an orange oil which solidified 
on trituration with ethanol. Crystallization of this solid from 95% 
ethanol gave 4.02 g (80% yield) of pale yellow crystals, mp 114.5-115.5 
°C (reported mp 114-115 °C).16 In subsequent runs it was found that 
trituration of the crude product with hexanes in the cold afforded good 
hydroxy ester, mp 114-116 °C, in 82% yield (4.12 g): IR (KBr) 3465 
(OH), 1710 (C = 0 ), 1295, 1195, 1165, 1090, 1050, 1000, 890, 740 
cm-1.

Ethyl 1-Benz[a]anthraceneacetate (10B). In a dehydrogenation 
tube fitted with a ground-glass cold finger condenser and gas inlet and 
outlet tubes was placed 2.00 g (6.0 mmol) of ethyl 2-(l-hydroxy-
1.2.3.4- tetrahydrobenz[a]anthracen-l-yl)acetate (9), mp 114.5-115 
°C, 0.20 g of 10% Pd/C, 1.20 g (6.6 mmol) of 1,1-diphenylethene, and 
10 mL of 1-methylnaphthalene. The reaction mixture was placed in 
a preheated Woods metal bath and the temperature was maintained 
at 250-260 °C for 2 h while steam was passed through the condenser



13C-Labeled Benzo[a]pyrene and Derivatives J. Org. Chem., Vol. 43, No. 21,1978 4027

and with maintenance of a slow flow of N2. The cooled reaction mix
ture was diluted with benzene and filtered from the catalyst, which 
was washed with benzene. After removal of the benzene on a rotary 
evaporator, the 1-methylnapthalene, 1,1-diphenylethane, and un
reacted 1,1-diphenylethene were removed under reduced pressure 
(0.025 Torr, 50-60 °C) on a Kugel-Rohr. The resultant orange oily 
residue was crystallized from 95% ethanol to afford 1.54-1.67 g 
(82-89% yield) of 10B as beige colored needles, mp 107-109.5 °C. A 
sample recrystallized from 95% ethanol melted at 109-109.5 °C: 1R 
(KBr) 1720 (0 = 0 ) , 1250 (CO—O), 1192, 1097, 1024, 886, 770, 744 
cm -1; >H NMR (DCC13) 51.1 (3 H ,t,J  = 7 Hz),4.1 (2 H, q. J = 7 Hz), 
4.3(2 H,s), 7.2-8.9(11 H, m).

Anal. Calcd for C22H180 2: C, 84.05; H, 5.77. Found: C, 84.24; H,
5.72.

B enzo[a]pyrene ( 1). A solution of 1.42 g (4.5 mmol) of ethyl 1- 
benz[o]anthraceneacetate (10B), mp 109-109.5 °C, in 45 mL of dry 
toluene was cooled to -75 °C under a N2 atmosphere. To this solution 
was added 4.5 mL of 1 M diisobutylaluminum hydride (DIBAH) in 
hexane. The reaction mixture was stirred for 1 h at -7 5  °C. and the 
pale yellow complex was hydrolyzed by the addition of 1 mL of con
centrated HC1 in 9 mL of THF. After warming to room temperature, 
the reaction mixture was extracted with 5% aqueous NH4CI and the 
toluene layer was dried over MgSCL. Removal of the toluene gave the 
aldehyde 1 IB  as a pale yellow oil which was directly dissolved in 65 
mL of methanesulfonic acid and stirred under a N2 atmosphere for 
40 min while warming in a water bath. The deep red complex was 
hydrolyzed by pouring the reaction mixture into 100 mL of water and 
ice, which resulted in the precipitation of benzo[a (pyrene (1) as a 
yellow solid. This crude product was chromatographed on neutral 
alumina using benzene as the eluting solvent. The benzene eluate was 
concentrated and methanol was added to give 0.70 g of lemon yellow 
shiny platelets, mp 177.5-178 °C (reported17 mp 176-177 °C). An 
additional 0.23 g (82% overall yield) of product, mp 176-177 °C, was 
obtained from the mother liquor.

1-B enz[a ]anthraceneacetic  A cid  (12B). To a solution of 1.41 
g (4.5 mmol) of ethyl l-benz[a]anthraceneacetate (10B), mp
108.5- 109.5 °C, in 50 mL of 95% ethanol was added 1.00 g (15.1 mmol) 
of 85% KOH, and the solution was refluxed for 3 h. The ethanol was 
removed and the residue was dissolved in water and acidified with 
concentrated HC1 to give crude l-benz[a]anthraceneacetic acid (12B) 
as an off-white solid. Recrystallization from benzene gave 1.22 g (95% 
yield) of off-white fibrous needles, mp 202-203 °C (reported mp
203.6- 204.6 °C).4a

ll,12-D ihydrobenzo[a]pyrene-ll,12-dione (3). A solution of 286 
mg (1.00 mmol) of l-benz[a]anthraceneacetic acid (12B), mp
202.5-204 °C, in 10 mL of methanesulfonic acid under a N2 atmo
sphere was stirred for 30 min. The deep red complex was hydrolyzed 
by pouring into 100 g of water and ice, and the green precipitate which 
was collected was directly dissolved in 50 mL of acetone and added 
to a solution of 1.07 g (4.0 mmol) of dipotassium nitrosodisulfonate 
(Fremy’s salt) in 40 mL of water buffered with 10 mL of 0.167 M 
KH2PO4. The solution was shaken in a stoppered Pyrex hydrogena
tion bottle on a Parr shaker until it no longer exhibited fluroescence 
when illuminated with a short-wave UV lamp. The acetone was re
moved on a rotary evaporator; the red-brown precipitate was collected 
and dried under reduced pressure. This crude product was dissolved 
in CH2CI2 and applied to a silica gel column, the quinone being eluted 
with 1:1 chloroform/ethyl acetate. After removal of the solvent, the 
dark red solid was dissolved in CH2C12 and reduced in volume, and 
ethyl acetate was added to facilitate crystallization to afford 230 mg 
(82% yield) of 3 as dark red needles, mp 253-254.5 °C. An analytical 
sample, mp 257.5-259 °C (evac), was prepared by recrystallization 
from CH2Cl2/ethyl acetate: IR (KBr) 1655 (COCO), 1283,1177,1115, 
891, 820 cm“ 1.

Anal. Calcd for C20Hi0O2: C, 85.09; H, 3.57. Found: C, 84.73; H,
3.51.

Ethyl 4 -H ydryoxy-l,2 ,3 ,4 -tetrahydro-4 -chryseneacetate  (8).
In like manner to that described above for the synthesis of 9, 4.92 g 
(20.0 mmol) of l,2-dihydrochrysen-4(3Ff )-one (6),3 mp 124 -125 °C, 
was allowed to react with the lithium enolate prepared from 1.78 g 
(20.0 mmol) of ethyl acetate. Workup provided a pale yellow oil which 
solidified on trituration with 95% ethanol. Crystallization of this oil 
from 95% ethanol gave 5.48 g (82%) of colorless 8, mp 77-81 °C (re
ported3 as an oil), which was shown by TLC to contain trace amounts 
of the ketone 6. Further crystallization failed to improve the melting 
point or remove the traces of 6: IR (KBr) 3470 (OH), 1710 (C = 0 ), 
1395,1300, 1230, 1197,1168, 1090,1032, 753 cm "1.

Anal. Calcd. for C22H220 3: C, 79.04; H, 6.59. Found: C, 78.95; H,
6.51.

Ethyl 4-C hryseneacetate (10A) and 4-C hryseneacetic A cid  
(12A). Dehydration and dehydrogenation of 2.5 g (7.5 mmol) of the

hydroxy ester 8, mp 77-81 °C, was carried out as described above for 
9. Workup afforded a brown oil which was crystallized from 95% 
ethanol to give 1.75 g (74%) of the ester 10A as colorless prisms: mp
63.5-65 °C; IR (KBr) 1735 (C = 0 ), 1380,1257,1095,1030, 833 cm "1; 
JH NMR (DCCI3) 6 1.2 (3 H, t, J = 7 Hz), 4.1 (2 H, q, J = 7 Hz), 4.3 
(2 H, s), 7.3-8.7 (11 H, m).

Anal. Calcd for C29Hi802: C, 84.05; H, 5.77. Found: C, 84.20; H,
5.59.

The residue in the mother liquor from the crystallization of 10A 
was heated with 0.1 g of KOH in 15 mL of 95% ethanol for 1.5 h. The 
ethanol was removed, the residue was dissolved in water, and the so
lution was filtered through filter-cel and acidified to give crude 4- 
chryseneacetic acid (12A). Recrystallization from toluene gave 0.17 
g (8% yield) of 12A, mp 203-205.5 °C (reported313 mp 206.5-207.5 °C). 
The total yield of dehydrogenated product thus amounted to 82%. 
Direct saponification of the crude oily ester in a similar run gave 1.59 
g (74%) of the acid 12A, mp 205.5-207 °C, after recrystallization from 
toluene: IR (KBr) 2700-3200 (br, COOH), 1700 (C = 0 ), 1376,1270, 
1225,1205, 836,813 cm -1.

B en zo[a ]p yrene (1). Reduction of 0.94 g (3.0 mmol) of the ester 
10A was carried out as described above for 10B. Workup provided the 
aldehyde 11A as a pale yellow oil which solidified on standing: IR 
(KBr) 3050,2830 (CHO), 2725 (CHO), 1715 (C = 0 ), 1465,1376,1265, 
1222,1183,1152,1097 cm -'; 'H  NMR (CDCI3) <5 4.3 (2 H,d, J = 3 Hz),
7-8.8 (11 H, m), 9.8 (1 H, t, J  = 3 Hz). Cyclization of the crude alde
hyde as described for 1 IB gave benzo[a]pyrene as a pale green solid. 
Chromatography over neutral alumina followed by crystallization 
from benzene/methanol afforded 0.64 g (85%) of 1, mp 176.5-178 
°C.

4,5 -D ihydrobenzo[a]pyrene-4,5-dione (2). A solution of 0.576 
g (2.00 mmol) of the acid 12A, mp 205.5-207 °C, in 35 mL of meth
anesulfonic acid was stirred under N2 for 30 min at 50 °C. Workup 
as described for 3 provided the phenol 13 as a yellow-green solid which 
was directly oxidized with Fremy’s salt as above for 1 h. The red- 
brown precipitate formed during the reaction was collected and 
heated with 5% aqueous Na2C03, releasing the bright orange-red 
quinone (2). Chromatography over silica gel followed by crystallization 
from CHCL/ethyl acetate gave 0.48 g (85% overall) of 2 as red-orange 
crystals; mp 256-257.5 °C (reported11 mp 255-256 °C); IR (KBr) 1665 
(COCO), 1440, 1380,1286,1275,1168, 910, 850, 750 c m '1.

Ethyl A c e ta te -I - l3C  (17) and Ethyl A ce ta te -2 -13 C  (18). A 
two-neck 1-L round-bottom flask equipped with a sealed Teflon 
paddle stirrer and a 12 in. Vigreux column leading to a condenser for 
downward distillation, receiver, and dry ice trap was charged with 82.6 
g (0.996 mol) of sodium acetat e - l-13C (dried at 110 °C (0.01 Torr) for 
2 h) and 300 mL of trlethyl phosphate (Aldrich, redistilled). The re
action mixture was heated to 176-180 °C in an oil bath with stirring, 
and in that range of temperature ethyl acetate-1 -13C distilled freely 
(bp 76-78 °C at the top of the Vigreux column). Care had to be taken 
to keep the reaction from getting out of control by lowering the oil 
bath when the reaction became too vigorous. As the reaction pro
ceeded the slurry of sodium acetate in triethyl phosphate turned to 
a homogeneous solution. After 45 min the reaction was essentially 
complete. The distillate amounted to 78.3 g and was put aside while 
the reaction mixture was allowed to cool to 60 °C. The system was 
placed under reduced pressure (25 Torr) in order to obtain a further 
amount of product which was collected in the dry ice/2-propanol bath 
cooled trap. This was added to the initial distillate to give a total yield 
of 86.6 g of colorless product. This was shown to contain a small 
amount of phosphate ester by VPC, and was redistilled through a 12
In. Vigreux column to give 81.6 g (92% yield) of colorless ethyl ace- 
tate-l-13C (17), bp 72 °C. This product is labeled at Ci with 90% 13C. 
In a similar experiment ethyl acetate-2-13C (18) was prepared in 
comparable yield.
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Mechanism of Aryl Group Migration in the Formation of Stilbenes from 
l,l-Bis(p-hydroxyaryl)ethane 2-O-Aryl Ethers
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The base-catalyzed displacement of the aryloxy substituent in l,l-bis(p-hydroxyaryl)ethane 2-O-aryl ethers, via 
an aryl participation (Ai-3) reaction, and subsequent transformation to the corresponding stilbenes have been in
vestigated. The relative migratory aptitudes of the phenolic nuclei were determined by rate studies and by the use 
of C-l deuterium labeled substrates. The two methods gave similar results and showed that the Ai-3 reaction is en
hanced when the migrating phenolic nucleus is substituted with electron-donating substituents. The rate-deter
mining step in this reaction was found to be the intramolecular nucleophilic displacement of the aryloxy substitu
ent by a cyclohexadienone carbanion.

Recently, i t  was reported that the l,l-bis(aryl)ethane 2-
O-aryl ether 1 readily undergoes a base-catalyzed transfor
mation to give, after reacetylation, stilbene 9 .1 This trans
formation involves a [1,2] shift of an aryl group, and i t  was 
suggested that the mechanism may involve the displacement 
of the aryloxy substituent through an aryl participation (Ar 3) 
reaction (Scheme I). A priori, two possibilities for such a 
transformation can be formulated. As shown in Scheme I, the 
displacement can be brought about by an intramolecular 
nucleophilic attack by either carbanion l b  or l c  on the /?- 
carbon atom, resulting in the formation of the spiro cyclo
hexadienone intermediate 8a  or 8b  which by rearrangement 
and elimination of a proton gives rise to stilbene 9a.

This conversion of 1 —>• 9 by way of a spiro cyclohexadienone 
intermediate is based on well-established precedent, i.e., the 
alkaline solvolysis of 2-p-hydroxyphenylethyl bromide, which 
takes place by way of a spiro cyclohexadienone intermedi
ate.2'3 However, the transformation 1 - *  9 involves a carbon 
skeleton rearrangement, and the mechanism of this rear
rangement w ith regard to the identity of the migrating group 
remains a point of considerable uncertainty and interest. 
Accordingly, in order to obtain more information about the 
reaction step in which the aryloxy substituent is split off, and 
to elucidate more fu lly the mechanism of this reaction, we have 
studied the effect of substituents on the migratory aptitude 
of phenolic nuclei in l,l-bis(aryl)ethane 2-O-aryl ether com
pounds and have tried to correlate the resulting rate data with 
parameters characteristic for the electronic effect of the 
substituent. Some results of this study are now reported.

R e s u lts  a n d  D is c u s s io n

The l,l-bis(aryl)ethane 2-O-aryl ether compounds 1-7  were 
synthesized in an average overall yield of 80-90% by reacting 
19 or its deuterated analogue 20 with either phenol or one of 
three different ortho-substituted phenols in the presence of 
a small amount of hydrogen chloride,4 followed by column 
chromatographic isolation and purification. The condensation 
products were subsequently used in the form of their crys
talline acetate derivatives. Structural proof of new compounds 
was based on analytical and spectral data (NMR and MS).

Alkaline treatment (1 M  NaOH, 170 °C, 2 h) of the 1,1- 
bis(aryl)ethane 2-O-aryl ethers 1-4, followed by acetylation 
of the resulting reaction mixtures and gas chromatographic

1, R  = H ; R ',  R 2 = C H 3
2, R , R 1, R 2 = H
3, R , R> = H; R 2 = C H 3
4, R , R 1 = H ; R 2 = O C H 3
5, R = 2H ;R > ,R 2 = C H 3
6, R  = 2H ; R 1 = H; R 2 = C H 3
7, R  = 2H; R 1, R 2 = H

0022-3263/78/1943-4028$01.00/0 © 1978 American Chemical Society
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T a b le  I. S tilb en e  F orm a tion  D a ta “

compd registry no.

yields,
starting
material

b%
stilbene registry no.

1 64702-05-2 31 69 67315-60-0
5 67315-54-2
3 67315-55-3 51 49 67315-61-1
6 67315-56-4
2 67315-57-5 64 36 67315-62-2
7 67315-58-6
4 67315-59-7 66 34 54208-26-3

migrating group, extent of migration, %
(% of total reaction) relative migration 

ratekx log kxdetermined by 
rate studies

determined by 
deuterium labeling'

R' R R' R kH kn
52 (75) 17 (25) 2.74 0.44

50 (72) 19 (28) 2.50
32 (65) 17 (35) 1.68 0.23

32 (66) 17 (34) 1.60
19 (53) 17 (47) 1.00 0.0

20 (55) 16 (45) 1.00
17 (50) 17 (50) 0.89 -0.05

° All reactions conducted in 1 M  NaOH at 170 ± 1 °C for 2 h under atmosphere of N2. b Determined by GLC. Accuracy ±1%. c Ac 
curacy estimated to be ±3-5%.

Schem e I iterative dissection method, using the extent of reaction for 
the l,l-bis(aryl)ethane compound containing two equivalent
4-hydroxy-3-methoxyphenyl moieties (4) to define the extent 
of migration of a single 4-hydroxy-3-methoxyphenyl nucleus, 
which was considered to be half (17%) that of the total amount 
(34%) of the symmetrical stilbene 12 formed under the reac
tion conditions. Assuming that this value is independent of 
the nature of the other phenolic moiety in the l,l-b is(a ry l)- 
ethane compound, the contribution of the latter moiety to the 
stilbene formation is obtained as the difference. The extents 
of migration of the two phenolic moieties are expressed as 
percent of the total reaction, and the migration rates of the 
substituted phenolic nuclei relative to that of the unsubsti
tuted one, kjkh , are obtained as the ratios of the corre
sponding extents of migration (Table I).

Identical treatment of the deuterated analogues 5-7 gave 
in each case a mixture of two deuterated stilbenes (13-15), the 
deuterium atom being located in the a position relative to the 
phenolic moiety which has not migrated. Catalytic hydroge
nation of these stilbenes gave the corresponding deuterated
l,2-bis(aryl)ethanes 16-18, the mass spectra of which revealed

analysis, yielded the results summarized in Table I. For each 
compound, the yield of stilbene accounts for the total amount 
of starting compound consumed. Thus, no side reactions have 
taken place.

The rate study data listed in Table I  were analyzed by the

OAc

OAc
9 , R , R 1 = H ; R 2, R 3 = C H 3

10, R , R \  R 2, R 3 = H
11, R , R \  R 2 = H ; R 3 = C H 3
12, R , R 1, R 2 = H ; R 3 = O C H , 

13a, R  = H; R 1 = 2H; R 2, R 3 = C H 3 
13 b , R  = 2H; R 1 = H ; R \  R 3 = C H 3 
14a, R , R 2, R 3 = H ; R 1 = 2H
14b , R \ R \  R 3 = H ; R  = 2H 
15a, R , R 2 = H ; R 1 = 2H; R 3 = C H 3 
15b , R  = 2H; R \  R 2 = H ; R 3 = C H 3
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T a b le  II. P a rtia l M ass S p e ctra l D ata  fo r  th e D eu tera ted  
1 ,2 -B is(a ry l)e th a n es°____________________

mass,m/e compound5
16 17 18

107 40
108 36
121 55
122 33
135 96
136 47
137 42 74 59
138 100 100 100

a Uneorrected for l,2-bis(aryl)ethane-do> estimated at 2-3%. 
5 Relative peak intensities uneorrected for C-13.

the deuterium atom location and content and, hence, the 
identity of the migrating phenolic moiety. Comparison of the 
relative intensities of the corresponding deuterated and un- 
deuterated hydroxytropylium ion fragments5 (Table II)  gave 
the relative migration ratios shown in Table I.

F igure 1. Hammett-Brown correlation of substituent effects on the 
migratory aptitude of phenolic nuclei.

OAc

16a, R = H; R 1 = 2H; R 2, R 3 = CH3 
16b, R = 2H; R 1 = H; R 2, R 3 = CH3 
17a, R = 2H; R \ R 2, R 3 = H 
17b, R, R \ R 3 = H; R 1 = 2H 
18a, R, R 2 = H; R 1 = 2H; R 3 = CH3 
18b, R = 2H; R 1, R 2 = H; R 3 = CH,

As is evident from Table I, the two independent methods 
employed in this study for the elucidation of the identity of 
the migrating phenolic moiety gave essentially the same re
sults. Evidently, other factors being equal, the rate of cleavage 
of the C -0  bond (Scheme I) and subsequent formation of 
stilbene depend on the migratory aptitude of the phenolic 
nuclei, which the present study establishes is favored when 
the migrating phenolic nucleus is substituted w ith electron- 
donating substituents.

By treatment of the methyl and methoxyl groups as sub
stituents on a phenolic nucleus, the empirical Hammett re
lationship was applied to the rate data. The Hammett plot of 
the log (kx/kn) values, calculated from the experimental re
sults in Table I, vs. Brown’s cr+ substituent constants is shown 
in Figure 1. I t  can be seen that a straight line results with a 
slope of p+ = -3.3. From the absolute value and the sign of the 
reaction constant i t  is evident that the reaction is facilitated 
by electron-donating substituents. The accelerating effect of 
electron-donating substituents X  in the migrating aryl group 
as well as the magnitude of p+ compare quite well to those 
observed in other anionotropic [1,2] aryl shifts.6

The overall effect of the electron-donating methyl sub
stituents is to increase the basicity and nucleophilicity7 of, for 
example, carbanion lb compared to that of the methoxyl- 
substituted carbanion l c  (Scheme I), by increasing the elec
tron density on the reaction center (inductive effect). Thus, 
the rates of formation of stilbene products are greater for 
compounds 1 and 3 than for compounds 2 and 4. In harmony

with this result and the general mechanism shown in Scheme 
I, the rates of migration of the methyl-substituted phenolic 
moieties are greater than that of the unsubstituted phenolic 
moiety (Table I). Conversely, a methoxyl substituent, due to 
its electron-withdrawing effect when situated meta to the 
reaction site, should retard the migration of a phenolic moiety. 
The data (Table I) indicate the expected migration retarding 
effect of a meta methoxyl substituent; however, the effect is 
considerably less than that which would be expected from the 
Hammett correlation (Figure 1). Probably, the electron- 
withdrawing effect of the methoxy substituent is more than 
compensated by the resonance effect of this substituent, an 
explanation which is compatible w ith the results of a wide 
variety of reactions involving a methoxyl group as a substit
uent on an aromatic nucleus.8

From a consideration of the overall reaction as depicted in 
Scheme I  for the transformation 1 —► 9, i t  can be concluded 
that the key step of this reaction is the intramolecular 
nucleophilic displacement of the aryloxy substituent by the 
cyclohexadienone carbanion ( l b  or lc). This participation of 
the migrating group in the transition state of the rate-deter
mining step explains the substantial effect of substituents X  
on the reaction rate. Owing to the facile electron redistribu
tion, the unstable spiro cyclohexadienone intermediate2’3 (8a 
or 8b) is rapidly rearranged to the stilbene product 9a. Overall 
then, this reaction is probably a concerted process w ith the 
[1,2] aryl shift occuring essentially simultaneously w ith the 
cleavage of the C -0  ether bond.

When compound 21 was treated with alkali in a similar 
manner, no reaction was observed. This negative result shows 
that the aryl participation reaction is restricted to compounds 
containing at least two phenolic moieties linked to the ( 3 - c a r 

bon atom relative to the aryl ether linkage. The ability of a 
second aryl group /3 to a leaving group to facilitate the disso
ciation of the Ca-Z  bond9 is probably a major contributory 
factor to the substrate activation effect of a second aryl group

19, R = H 21
20, R = 2H
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at Cff observed for the l,l-bis(aryl)ethane 2-0 -aryl ether 
compounds and lends support to our earlier conclusion that 
the rate-determining step in this reaction (Scheme I) involves 
cleavage of the C -0  ether bond.

The unreactivity of compound 21 compared to 2-p-hy- 
droxyphenylethyl bromide2-3 can be accounted for by the fact 
that an aryloxy group is a considerably poorer leaving group 
than bromine, as much as two or three orders of magnitude 
poorer in reactions such as nucleophilic substitution at sp3- 
hybridized carbon and alkene-forming eliminations.10-11 In 
addition, the unreactivity of 21 indicates that the limited al
kaline cleavage (about 30%) of the alkyl-0 ether bond ob
served12 with compound 19 is due to a neighboring group 
participation reaction involving the ionized benzylic hydroxyl 
group rather than the phenolic moiety as the nucleophilically 
attacking species. Hence, the alkaline cleavage of the C -0  
ether bond in 19 proceeds via an epoxide (cf. also the behavior 
of nonphenolic /3-aryl ethers12) rather than via a spiro cyclo- 
hexadienone intermediate.

Experimental Section
General. Melting points are uncorrected. 4H NMR spectra were 

obtained on a Perkin Elmer R-12 spectrometer (60 MHz) using CDCI3 
(internal MeiSi) as the solvent. Chemical shifts are reported on the 
r scale. Mass spectra were recorded on a Finnigan quadrupole in
strument at 40 eV using the direct inlet system. Gas chromatographic 
analysis was performed on a Perkin Elmer F 17 instrument with a 
flame ionization detector. The column material was SE-30 (3%) on 
Chromosorb 750 (80/100 mesh). Peak areas were obtained with a Pye 
Unicam DP 88 computing integrator. Preparative separations were 
carried out by column chromatography using silica gel (Merck, 
0.063-0.200 mm, 70-230 mesh, ASTM) as the adsorbent and light 
petroleum (60-71 °C)-ethyl acetate (4:1) as the solvent.

Materials. The following compounds were prepared as previously 
described: 1912 and 21.13 Compound 20 was prepared from the ap
propriate acetophenone as described for 19 by reduction with sodium 
tetradeuterioborate.

The NMR data along with the melting points of all new compounds 
are summarized in Table III.14 Physical constants and spectral data 
for compounds 1,9, and 12 were identical with those reported1 pre
viously for these compounds.

Preparation of l,l-Bis(aryl)ethane 2-O-Aryl Ethers. General 
Procedure. The benzyl alcohol 19 or its deuterated analogue 20 (0.34 
mmol), the appropriate phenol (5.0 mmol), and concentrated HC1 
(0.25 mL) were heated at 80 °C for 1 h with magnetic stirring.4 The 
resulting condensation product was isolated by column chromatog
raphy on silica gel (125 g), acetylated with pyridine-acetic anhydride 
(1:1), and crystallized from diethyl ether. Recrystallization from di
ethyl ether yielded the l,l-bis(aryl)ethane 2-O-aryl ethers 1-7 in 
80-90% overall yield.

2. Anal. Calcd for C26H26O7: C, 69.33; H, 5.78; O, 24.89. Found: C, 
69.75; H, 5.65; O, 24.45. MS m/e (rel intensity) 450 (1, M+), 327 (4), 
313 (7), 285 (69), 271 (33), 243 (100), 229 (81), 199 (53), 137 (37).

3. Anal. Calcd for C27H28O7: C, 69.83; H, 6.03; O, 24.14. Found: C, 
69.84; H. 6.03; O, 23.98. MS m/e (rel intensity) 464 (3, M+), 341 (5), 
299 (63), 285 (15), 257 (100), 243 (48).

4. Anal. Calcd for C27H2808: C, 67.50; H, 5.83; O, 26.67. Found: C, 
67.97; H, 6.07; O, 26.03. MS m/e (rel intensity) 480 (5, M+), 396 (1), 
357 (7), 343 (2), 315 (73), 301 (19), 273 (100), 259 (68).

5. MS m/e (rel intensity) 479 (1, M+), 356 (3), 342 (1), 314 (47), 300
(13) , 272 (100), 258 (50).

6. MS m/e (rel intensity) 465 (2, M+), 342 (5), 328 (1), 300 (59), 286
(14) . 258 (100), 244 (52), 137 (23).

7. MS m/e (rel intensity) 451 (3, M+), 328 (5), 314 (7), 286 (80), 272
(34), 244 (100), 230 (73), 200 (25), 137 (24).

Rate Studies. Solutions of the l,l-bis(aryl)ethane 2-O-aryl ethers 
1-4 (0.07 mmol) in 1.0 M aqueous NaOH (10 mL) and ethylene glycol 
monomethyl ether (1 mL) were heated under N2 atmosphere in a 
stainless steel bomb (25 mL capacity) at 170 ±  1 °C for 2 h. The re
action solution was then diluted with H2O (15 mL), neutralized with 
10% phosphoric acid, and extracted with CHCI3 (4 X 10 mL), and the 
combined organic layers were concentrated under reduced pressure, 
and the residue was acetylated with pyridine-acetic anhydride (1:1). 
The resulting mixture of acetylated reaction products was analyzed 
by GLC.

Isolation of Reaction Products. The l,l-bis(aryl)ethane 2-O-aryl 
ethers 1-7 (0.2 mmol) were reacted as described above. The acetylated

reaction products were then separated by column chromatography 
on silica gel (125 g). The stilbene products were recrystallized from 
acetone.

10. Anal. Calcd for C19H1805: C, 69.94; H, 5.52; 0 , 24.54. Found: C, 
69.99; H, 5.59; O, 24.54. MS m / e  (rel intensity) 326 (1, M+), 284 (21), 
242 (100), 199 (19), 181 (75), 153 (38).

11. Anal. Calcd for C20H20O5: C, 70.60; H, 5.88; O, 23.52. Found: C, 
70.42; H, 5.97; O, 23.50. MS m/e (rel intensity) 340 (13, M+), 298 (35), 
256 (100), 195 (27), 181 (10), 152 (12).

13. MS m / e  (rel intensity) 355 (1, M+), 313 (9), 271 (100), 210 (19), 
182 (18), 166 (23).

14. MS m / e  (rel intensity) 327 (5, M+), 285 (25), 243 (100), 210 (4), 
200 (5), 182 (16), 154 (9).

15. MS m / e  (rel intensity) 341 (5, M+), 299 (21), 257 (100), 196 (14), 
173 (33), 113 (25), 99 (59).

Reduction of the Deuterated Stilbenes 13-15. The deuterated 
stilbenes 13-15 (20 mg) were dissolved in ethyl acetate (25 mL) and 
hydrogenated over 5% palladium/charcoal (100 mg) at atmospheric 
pressure and ambient temperature for 24 h. The reaction solution was 
filtered through Celite and the filtrate was concentrated under re
duced pressure. The l,2-bis(aryl)ethane products 16-18 were crys
tallized from diethyl ether and recrystallized from acetone-light pe
troleum.

Method of Deuterium Analysis. The deuterated l,2-bis(aryl)- 
ethanes 16-18 were analyzed for deuterium content and location by 
mass spectrometric analysis of samples of the crystalline compounds. 
Consistent fragmentation patterns are produced which permit ac
curate localization and measurement of deuterium. The deuterium 
location and content were determined by monitoring the relative 
abundance of the deuterated and undeuterated hydroxytropylium 
ion fragments. Two sets of ions were monitored for each compound 
(Table II) corresponding to the hydroxytropylium ions originating 
from the two different aryl groups. The migration ratios of the aryl 
groups can be easily deduced from direct comparison of the relative 
peak intensities of the unlabeled and labeled ion fragments after 
correction due to the natural abundance (1.1%) of carbon-13.

Let P = the relative intensity of the unlabeled ion fragment, P + 
1 = the relative intensity of the corresponding labeled ion fragment, 
and (P + l )Corr = the relative intensity of the labeled ion fragment 
corrected for the contribution of carbon-13. The P and P + 1 values 
are given in Table II.

P
% aryl group migration = —----- ---------- ------X 100

P "b (P 4~ l)corr
The illustrative calculation for compound 17 is shown below: 

m/e 107 P = 40

m/e 108 P + 1 = 36 and (P + l )COrr = 36 -  (40 X 0.077) = 32.92
40

% p-hydroxyphenyl group migration =  ^  ^  X 100 =  55%
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Acetophenone phenylhydrazone formation, like that of meta-/para-substituted benzaldehydes, occurs with rate
determining carbinolamine formation under slightly acidic conditions and with rate-determining dehydration of 
the carbinolamine under basic conditions. The addition of phenylhydrazine to form carbinolamines from this sub
strate is subject to general acid-base catalysis by carboxylic acid-carboxylate buffers. 2'-Hydroxyacetophenone 
phenylhydrazone formation also occurs with rate-determining carbinolamine formation under slightly acidic condi
tions and with rate-determining dehydration of the carbinolamine under basic conditions. The addition of phen
ylhydrazine to form carbinolamine from this substrate is subject to specific acid catalysis, but is not subject to de
tectable general acid-base catalysis by carboxylic acid-carboxylate buffers. It is proposed that this lack of general 
acid-base catalysis is due to internal hydrogen bond formation between the acidic hydrogen of the o-hydroxy sub
stituent and the carbonyl group. The same was observed for carbinolamine formation from phenylhydrazine and 
several 2'-hydroxy-5'-substituted acetophenones (substituent = nitro, cyano, chloro, and methyl). Rate constants 
for the hydrated proton catalysis and for the pH-independent reaction are well correlated by a dual Hammett sub
stituent parameter treatment.

The rates of reaction of o-hydroxybenzaldehyde and the 
corresponding para isomer with a variety of nitrogen nucleo
philes, including hydroxylamine, semicarbazide, p-toluidine, 
and phenylhydrazine, have been reported to exhibit ortho/ 
para ratios considerably greater than unity.2-5 This has been 
attributed to greater stabilization of the para- than the 
ortho-substituted benzaldehydes by substituents which do
nate electrons by resonance.5

A detailed study of the kinetics of phenylhydrazone for
mation from acetophenone and 2'-hydroxy-5'-substituted 
acetophenones was undertaken in order to examine the effect 
of ortho substituents capable of forming hydrogen bonds with 
the carbonyl oxygen of the acetophenone on reactivity toward 
nucleophiles.

Experimental Section
Materials. Acetophenone, 2'-hydroxyacetophenone, phenylhy

drazine hydrochloride, and the carboxylic acids employed were ob
tained commercially and were either redistilled or recrystallized before 
use. p-Methyl-,p-chloro-,p-cyano-, and p-nitrophenyl acetates were 
prepared by the procedure of Bender and Nakamura.6 2'-Hydroxy- 
5'-methylacetophenone,7 2'-hydroxy-5'-chloroacetophenone,8 2'- 
hydroxy-5'-cyanoacetophenone,8 and 2'-hydroxy-5'-nitroacetophe- 
none9 were prepared from the esters indicated above by procedures 
described in the literature. The acetophenone phenylhydrazones were 
prepared by the procedure of Vogel.7

p-Cyanophenyl acetate: mp 57-58 °C; NMR (60 MHz, CDCI3) 5
2.30 (s, 3 H), 7.47 (q, 4 H); IR (KBr) 2200,1760,1196,840 cm-1. Anal. 
Calcd: C, 67.08; H, 4.37; N, 8.65. Found: C, 66.40; H, 4.39; N, 8.58.2'- 
Hydroxy-5'-cyanoacetophenone: mp 105-106 °C; NMR (60 MHz, 
CDCI3) 5 2.68 (s, 3 H), 7.08 (d, 1 H), 7.75 (q, 1 H), 8.12 (d, 1 H), 12.7 
(s, 1 H); IR (KBr) 2220,1648,1480,1210, 840 cm-1. Anal. Calcd: C, 
67.08; H, 4.37; N, 8.70. Found: C, 66.77; H, 4.36; N, 8.75. 2'-Hydroxy- 
5'-chloroacetophenone phenylhydrazone: 174-175 °C; NMR (60 MHz, 
(CD3)2SO) S 2.40 (s, 3 H), 6.60-7.80 (m, 8 H), 9.67 (s, 1 H), 12.8 (s, 1 
H); IR (KBr) 3300,1625 cm-1. Anal. Calcd: C, 64.52; H, 4.99; N, 10.75. 
Found: C, 64.06; H, 5.28; N, 10.80. 2'-Hydroxy-5'-cyanoacetophenone 
phenylhydrazone: 192-193 °C; NMR (60 MHz, (CD3)2SO) b 2.40 (s, 
3 H), 6.60-7.80 (m, 8 H), 7.90 (d, 1 H), 9.60 (s, 1 H); IR 3325,2225,1615

cm-1. Anal. Calcd: C, 71.87; H, 5.21; N, 16.72. Found: C, 71.08; H, 5.28; 
N, 16.53.

Kinetic measurements were carried out spectrophotometrically 
in 20% aqueous ethanol at 25.0 °C and ionic strength 0.50 with the aid 
of a Zeiss PMQ II spectrophotometer equipped with a cell through 
which water from a thermostated bath was continuously circulated. 
Reaction kinetics were monitored by observing the appearance of the 
phenylhydrazone of acetophenone at 332 nm, of 2'-hydroxyaceto- 
phenone at 337 nm, of 2'-hydroxy-5'-methylacetophenone at 340 nm, 
of 2'-hydroxy-5'-chloroacetophenone at 342 nm, and of 2'-hydroxy- 
5'-nitroacetophenone at 345 nm up to pH 8 and at 450 nm in basic 
solution. The initial concentration of the acetophenones was 3.3 X
10-5 M, and in all cases a sufficient excess of nucleophilic reagent was 
employed so that pseudo-first-order rate behavior was observed. 
First-order rate constants were evaluated from slopes of plots of log 
(OD„ — ODt) against time in the usual manner.

As a result of the strong UV light absorption of phenylhydrazine, 
it was difficult to determine spectrophotometrically the equilibrium 
constants for the formation of the carbinolamines. Similar difficulties 
have been noted in attempts to determine equilibrium constants for 
the formation of other phenylhydrazine carbinolamines.10’11 With 
each of the acetophenones studied, the reaction is first-order in 
phenylhydrazine over the concentration range of 0.020 to 0.20 M, at 
pH 7. Consequently, all kinetic studies have been made employing 
phenylhydrazine concentrations lower than 0.20 M. Second-order rate 
constants could therefore be determined directly by dividing first- 
order rate constants by the concentration of phenylhydrazine free 
base. Catalytic third-order rate constants were evaluated from the 
slopes of plots of second-order rate constants against the concentra
tion of catalyst.

Values of apparent pH were recorded with a Radiometer Model 
PHM 4d pH meter equipped with a glass electrode. Calculation of the 
concentration of phenylhydrazine free base and of undissociated 
carboxylic acid was made employing the Henderson-Hasselbalch 
equation and values of pKa from ref 12.

pKa Determination. The pK B values of the 2'-hydrcxy-5'-sub- 
stituted acetophenones were measured in 20% aqueous ethanol at 25.0 
°C and ionic strength 0.50 using a Zeiss PMQ II spectrophotometer. 
The effect of pH on the absorption of light was measured at the ap
propriate wavelength (Table I). The values of Ka were determined 
employing the equation (E~ -  Et)/(Et -  E°) = (H+)/K„, where E~ 
is the absorption of the phenoxide, E° is the absorption of the phenol,
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Table L Values of pKa for Several 2'-Hydroxy-5'-substituted Acetophenonesa
substituent nm slope r Ka pKa

n o 2 400 8.875 X 106 0.9991 1.127 X 10' 7 6.95
CN 350 5.447 X 107 0.9998 1.838 X 10' 8 7.74
Cl 370 3.503 X 109 0.9982 2.854 X 10' 10 9.55
H 364 2.544 X 1010 0.9985 3.931 X lO' 11 1C.40
c h 3 379 5.160 X 1010 0.9989 1.937 X 10~n 1C.71

a In 20% aqueous ethanol at 25 °C and ionic strength 0.50.

Figure 1. Logarithms of second-order rate constants for acetophe
none phenylhydrazone formation in 20% aqueous ethanol at 25.0 °C 
and ionic strength 0.50 plotted as a function of pH. Where necessary, 
the points were extrapolated to 0 buffer concentration. The broken 
line indicates the rate constant for the water-catalyzed process. Data 
have been taken from Table II.

and Et is the total absorption at the various pH values. Plots of (E 
-  Et)/(Et -  E°) vs. (H+) yield the value of Ka (Table I).

Results
Acetophenone Phenylhydrazone Formation. Loga

rithms of second-order rate constants for the reaction of 
phenylhydrazine with acetophenone in 20% aqueous ethanol 
at 25.0 °C and ionic strength 0.50 are plotted as a function of 
pH in Figure 1. Where necessary, the second-order rate con
stants were extrapolated to 0 buffer concentration. The curve 
shows one break near pH 6 that must reflect the transition in 
rate-determining step from formation to dehydration of the 
carbinolamine intermediate.10-12' 16

Second-order rate constants for acetophenone phenylhy
drazone formation at pH 2.56 increased linear from 0.0113 to
0.0225 M' 1 min' 1 with an increase in cyanoacetate buffer 
concentration from 0.050 to 0.25 M. Buffer catalysis was also 
observed for chloroacetate, formate, and acetate. The nature 
of the catalysis, general acid or general base, was not de
fined.

2'-Hydroxyacetophenone Phenylhydrazone Forma
tion. In Figure 2, logarithms of second-order rate constants 
for the reaction of phenylhydrazine with 2'-hydroxyaceto- 
phenone are plotted as a function of pH. The curve shows two 
breaks, one near pH 7 and the second near pH 10. The former 
must reflect the transition in rate-determining step, and the 
later, which occurs at the pK a for the substrate, must reflect

Figure 2. Logarithms of second-order rate constants for 2'-hy- 
droxyacetophenone phenylhydrazone formation in 20% aqueous 
ethanol at 25.0 °C and ionic strength 0.50 plotted as a function of pH. 
The dotted line indicates the rate constant for internal catalysis (see 
text). Data have been taken from Table II.

loss of the phenolic hydrogen of the substrate. Carbinolamine 
dehydration is presumably rate determining under quite basic 
conditions, although this point has not been carefully 
proved.

In the region of rate-determining carbinolamine f ormation 
(pH to 7), no catalysis by carboxylic acid-carboxylate buffers 
was observed, in contrast to the results for acetophenone it
self.

2'-Hydroxy-5'-substituted Acetophenone Phenylhy
drazone Formation. In Figure 3, logarithms of second-order 
rate constants for the reaction of phenylhydrazine with 2'- 
hydroxy-o'-nitroacetophenone (I), 2'-hydroxy-5'-cyanoace- 
tophenone (II), 2'-hydroxy-5'-chloroacetophenone (III), 2'- 
hydroxyacetophenone (V), and 2'-hydroxy-5'-methylaceto- 
phenone (VI) are plotted as a function of pH, in the pH range 
of 1 to 7. The curves show the pH-independent reaction and 
the acid-catalyzed carbinolamine formation as the rate-de
termining steps. For comparison, the curve obtained with 
acetophenone was included (IV).

In the region of rate-determining carbinolamine formation 
(pH 1 to 7), no catalysis by carboxylic acid carboxylate buffers 
was observed for any of the 2,-hydroxy-5,-substituted aceto
phenones. Catalytic constants for the acid-catalyzed reaction 
(&h) and the pH-independent one (ko) have been evaluated 
from the data of Figure 3 and are collected in Table II.

Correlation Analysis of the log ffa Values of 2'-Hy- 
droxy-5'-substituted Acetophenones. As is developed in 
detail below, the log Ka values of the 2'-hydroxy-5'-substituted 
acetophenones, as well as the rate constants for the hydrated 
proton catalysis and for the pH-independent reaction for
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Figure 3. Logarithms of second-order rate constants for acetophe
none and 2'-hydroxy-5'-substituted acetophenone phenylhydrazone 
formation in 20% aqueous ethanol at 25.0 °C and ionic strength 0.50 
plotted as a function of pH: (I) 2'-hydroxy-5'-nitroacetophenone; (II) 
2'-hydroxy-5'-cyanoacetophenone; (III) 2'-hydroxy-5'-chloroaceto- 
phenone; (IV) acetopheone; (V) 2'-hydroxyacetophenone; and (VI) 
2'-hydroxy-5'-methylacetophenone. The lines for the 2'-hydroxy- 
5'-substituted acetophenones are theoretical ones based on k% -  
1îh(H30+) + ko and data from Table II.

phenylhydrazone formation from these compounds, are well 
correlated by dual Hammett substituent parameter treat
ment.

The K a values of the 2'-hydroxy-5'-substituted acetophe
nones are influenced by the presence of the substituent R and 
by the presence of the acetyl group in the benzene ring (see 
eq 1 and Discussion).

carbinolamine carbinolamine

The log K a values were correlated by the modified Hammett 
equation 2. Multiple least-squares analysis with a computer 
program yielded eq 3. It was then possible to calculate the dual 
Hammett substituent parameters for the correlation analysis 
of the log K a values of the 2/-hydroxy-5'-substituted aceto
phenones (Table III).

0 .7 6 4 3  + 2 . 2 3 8

Figure 4. Logarithms of K a of 2'-hydroxy-5'-substituted acetophe
nones in 20% aqueous ethanol at 25.0 °C and ionic strength 0.50 
plotted against (0.7643<rm + 2.2338ap-)/(0.7643 + 2.2338): (I) 2'- 
hydroxy-5'-nitroacetqphenone; (II) 2'-hydroxy-5'-cyanoacetophe- 
none; (III) 2,-hydroxy-5'-chloroacetophenone; (IV) 2'-hydroxyace- 
tophenone; and (V) 2'-hydroxy-5'-methylacetophenone. Data have 
been taken from Tables I and III.

Table II. Catalytic Constants for the Hydronium Ion (Ah) 
and pH-Independent Reaction (ko)  for the Addition of 

Phenylhydrazine to Several Acetophenones0_______

compd registry no.

hn, 
M —2 

min-1

ho,
M “ 1

min-1

2,-hydroxy-5,-nitroaceto- 1450-76-6 1.1 X 105 1.3 X 101
phenone

2'-hydroxy-5'-cyanoaceto- 35794-84-4 8.0 X 104 3.6 X 10°
phenone

2'-hydroxy-5'-chloroaceto- 1450-74-4 4.5 X 104 5.4 X 10“ 1
phenone

acetophenone 98-86-2 2.3 X 104 6.2 X 10" 1
2'-hydroxyacetophenone 118-93-4 1.5 X 104 1.1 X 10-1
2'-hydroxy-5'-methylace- 1450-72-2 1.3 X 104 4.9 X IO' 2

tophenone

° In 20% aqueous ethanol at 25 °C and ionic strength 0.50.

log K a log Na° -f (Tmpm -f- <Tp pp (2)

log K a = -10.383 + 0.7643<rm + 2.238ffp-  (3)

In Figure 4, values of log K a of the 2'-hydroxy-5'-substituted 
acetophenones (from Table I) are plotted as a function of the 
appropriate dual Hammett substituent parameters (from 
Table III). The points fall on a good straight line. By least- 
squares analysis, the value of the slope of the line is 3.0, the 
correlation coefficient r = 0.9993, and the standard deviation 
divided by the root mean square (SD/RMS) is 0.00509.

Correlation of log K a values of 2'-hydroxy-5,-substituted 
acetophenones with any other set of substituent constants 
gives inferior correlation coefficients and/or higher SD/RMS 
ratios.
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Table III. Values of a for Some Substituents

group <Tma °pa ffP __

0.7643<rm + 2.238trD 1.401(rm — 0.1850aD 0.7419<rm + 1.869<rn
0.7643 + 2.238 1.401 -  0.1850 0.7419 + 1.869

n o 2 0.71 0.78 1.27 1.12 0.70 0.76
CN 0.61 0.67 1.00 0.90 0.60 0.65
Cl 0.37 0.24 0.24 0.27 0.38 0.28
H 0 0 0 0 0 0
c h 3 -0.07 -0.13 -0.13 - 0.11 -0.06 - 0.11
“ From ref 17.

Correlation Analysis o f the log ¿ H Values for 2'-Hy- 
droxy-5'-substituted Acetophenone Phenylhydrazone 
Formation. The rate constants for the hydrated proton ca
talysis (&h) for the formation of the carbinolamines from 2'- 
hydroxy-5'-substituted acetophenones and phenylhydrazine 
are influenced by the presence of the substituent R and by the 
presence of the hydroxy group in the benzene ring (see Dis
cussion).

The logarithms of the ko  values were correlated by the 
modified Hammett equation 4. Multiple least-squares analysis 
with a computer program yielded eq 5. It was then possible 
to calculate the dual Hammett substituent parameters for the 
correlation analysis of the log ko  values for the formation of 
the carbinolamines from phenylhydrazine and 2'-hydroxy- 
5'-substituted acetophenones (Table III).

log &H = log /jH° + ompm + (TpPp (4)

log kH = 4.187 + 1.401<rm -  0.1850trp (5)

In Figure 5, values of log ko for the formation of the carbi
nolamines from phenylhydrazine and 2'-hydroxy-5'-substi- 
tuted acetophenones (from Table II) are plotted as a function 
of the appropriate dual Hammett substituent parameters 
(from Table III). The points fall in a good straight line. By 
least-squares analysis, the value of the slope of the line is 1.2, 
r = 0.9997, and SD/RMS = 0.00175.

Correlation of log kH with any other set of substituent 
constants gives inferior correlation coefficients and higher 
SD/RMS ratios.

Correlation Analysis of the log ko Values for 2'-Hy- 
droxy-5'-substituted Acetophenone Phenylhydrazone 
Formation. The rate constants for the pH-independent re
action (k0) for the formation of the carbinolamines from 2'- 
hydroxy-5'-substituted acetophenones and phenylhydrazine 
are influenced by the presence of the substituents R and by 
the hydrogen bond between the phenolic group and the car
bonyl group (see eq 1 and Discussion).

The logarithms of ko values were correlated by the modified 
Hammett equation 6. Multiple least-squares analysis by a 
computer program yielded eq 7. It was then possible to cal
culate the dual Hammett substituent parameters for the 
correlation analysis of log ko values for the formation of the 
carbinolamines from phenylhydrazine and 2'-hydroxy-5'- 
substituted acetophenones (Table III).

lOg k0 =  lOg kQ° +  (Tmpm +  (TpPp (6)

log k0 = -0.9968 + 0.7419<rm + 1.869<rp (7)

In Figure 6, values of log ko for the formation of the carbi
nolamines from phenylhydrazine and 2'-hydroxy-5'-substi- 
tuted acetophenones (from Table II) are plotted as a function 
of the appropriate dual Hammett substituent parameters 
(from Table III). The points fall on a good straight line. By 
least-squares analysis, the value of the slope of the line is 2.6, 
r = 0.9906, and SD/RMS = 0.106.

Correlation of log ko with any other set of substituent 
constants gives inferior correlation coefficients and higher 
values of SD/RMS.

1 . 4 0 1  -  0 . 1 8 5 0

Figure 5. Logarithms of the catalytic constants for the hydrated 
proton (&h) for the formation of the carbinolamines from phenylhy
drazine and several 2'-hydroxy-5'-substituted acetophenones in 20% 
aqueous ethanol at 25.0 °C and ionic strength 0.50 plotted against 
(1.401<7m — 0.1850<rp)/(1.401 -  0.1850). Data have been taken from 
Tables II and III.

Correlation Analysis o f the log ko Values for 2'-Hy- 
droxy-5'-substituted Acetophenone Phenylhydrazone 
Formation and the log Ka Values of 2'-Hydroxy-5'-sub- 
stituted Acetophenones. In Figure 7, values of the logarithms 
of the catalytic constants for the hydrated proton (k o ) for the 
formation of the carbinolamines from phenylhydrazine and 
2,-hydroxy-5,-substituted acetophenones (from Table II) are 
plotted against the pKlt values of the corresponding 2'-hy- 
droxy-5'-substituted acetophenones (from Table I). The 
points fall on a single straight line, whose slope is 0.25 (r =
0.9766). Since the catalyst is the same (hydronium ion) for all 
of the reactions, this correlation is not a Bronsted plot. This 
plot correlates the simultaneous electronic effect of the sub
stituent in the 5' position of the benzene ring on the carbonyl 
group and on the phenolic hydroxy group.

In Figure 8, values of the logarithms of the pH-independent 
rate constants (ko) for the formation of the carbinolamines 
from phenylhydrazine and the 2'-hydroxy-5'-substituted 
acetophenones (from Table II) are plotted against the pK a 
values of the corresponding 2'-hydroxy-5'-substituted ace
tophenones (from Table I). The points fall on a single straight 
line, whose slope is 0.60 (r = 0.9923).

Discussion
The reaction of phenylhydrazine with acetophenone occurs 

with rate-determining carbinolamine formation under slightly 
acidic conditions. This step is subject to both specific catalysis
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Figure 6. Logarithms of the internal catalytic constants (&o) for the 
formation of the carbinolamines from phenylhydrazine and several 
2'-hydroxy-5'-substituted acetophenones in 20% aqueous ethanol at 
25.0 °C and ionic strength 0.50 plotted against (0.7419trm + 
1.869ffp)/(0.7419 + 1.869): (I) 2'-hydroxy-5'-nitroacetophenone; (II) 
2'-hydroxy-5'-cyanoacetophenone; (III) 2'-hydroxy-5'-chloroaceto- 
phenone; (IV) 2'-hydroxyacetophenone; and (V) 2'-hydroxy-5'- 
methylacetophenone. Data have been taken from Tables II and III.

(hydronium ion) and buffer catalysis by carboxylic acid- 
carboxylate buffers. Under basic conditions, dehydration of 
the carbinolamine becomes rate determining. The behavior 
is similar to that observed in the reaction of phenylhydrazine 
and meta-/para-substituted benzaldehydes.10 As expected, 
acetophenone is less reactive than benzaldehyde.10

The reaction of phenylhydrazine with 2'-hydroxyaceto- 
phenone occurs with rate-determining carbinolamine for
mation below pH 7. This step shows specific acid catalysis and 
pH-independent reaction, but not detectable buffer catalysis 
by carboxylic acid-carboxylate buffers.

The pH-independent reaction for the 2'-hydroxy substrates 
could be (i) trapping of the zwitterionic intermediate by -OH 
(eq 8), (ii) concerted internal protonization by -OH (eq 9), or
(iii) rate-determining proton switch (eq 10). Our data suggests

Figure 7. Logarithms of catalytic constants for the hydrated proton 
for the formation of the carbinolamines from phenylhydrazine and 
several 2'-hydroxy-5'-substituted acetophenones in 20% aqueous 
ethanol at 25.0 °C and ionic strength 0.50 plotted against their re
spective pKa values: (I) nitro; (II) cyano; (III) chloro; (IV) unsubsti
tuted; and (V) methyl. Data have been taken from Tables I and II.

R

that the last mechanism is probably wrong, but it does not 
distinguish between the first two.

The plot of values of the logarithms of the pH-independent 
rate constants (feo) for the formation of the carbinolamines 
from phenylhydrazine and 2/-hydroxy-5/-substituted aceto
phenones (Figure 8) may reflect the simultaneous electronic 
effect of the substituents in the 5' position of the benzene ring 
upon the carbonyl and phenolic groups, a true Bronsted-type 
free energy relationship between the logarithms of the internal 
catalytic constants and the pKa’s of the phenols, or a combi
nation of these effects. We prefer the last explanation. The 
simultaneous effect gives rise to a slope of 0.25. The a 
Bronsted plot value measured for the formation of the car
binolamine from phenylhydrazine and several carbonyl 
c o m p o u n d s 10-12’^ , 16 ¡s always 0.35. The slope of 0.60 in Figure 
8 is the total of both effects (0.25 + 0.35 = 0.60). This would 
suggest that both reactions are concerted, not stepwise.19

It is well known that in 2'-hydroxyacetophenone there is 
an internal hydrogen bond between the hydrogen of the 
phenolic group and the oxygen of the carbonyl group.18 The 
best explanation for the pH-independent reaction is that the
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reaction is subject to a concerted internal protonization by the 
intramolecular hydrogen bond between the hydrogen of the 
hydroxylic group on the ortho position and the oxygen of the 
carbonyl group.20“22 The rate law for this reaction is then k2 
= /jh(H30 +) + feo- The internal hydrogen bond explains the 
observation that the formation of the carbinolamine from 
phenylhydrazine and 2'-hydroxyacetophenone occurs without 
detectable generated acid catalysis by carboxylic acids.

The specific acid catalysis is observed because there is an 
equilibrium between the hydrogen-bonded form of the 2'- 
hydroxyacetophenone (cyclic form) and the form without the 
hydrogen bond (open form), as shown in eq 1. The open form 
reacts with hydronium ion catalysis.

In comparison to the case of acetophenone, the mechanism 
of dehydration of the carbinolamine derived from the reaction 
of phenylhydrazine and 2'-hydroxyacetophenone, observed 
as rate determining in pH above 7, is less straightforward. 
Several forms of the carbinolamine with different kinds of 
internal hydrogen bonding may be involved.

We have limited, therefore, the study of the addition of 
phenylhydrazine to the 2'-hydroxy-5'-substituted acetophe
nones to pH 1-7, a region in which the formation of the car
binolamine is rate determining.

The R substituents in the 5' position of the ring, meta to the 
carbonyl group and para to the hydroxy group, exert an elec
tronic effect on both groups in a way that affects both the 
ionization of the phenolic group and the rate of the carbi
nolamine formation. The pK a values of the 2'-hydroxy-5'- 
substituted acetophenones are influenced by the presence of 
the R substituents and by the presence of the acetyl group in 
the benzene ring. The ionization is given by eq 11, where it is

shown that the acetyl group contributes to the stabilization 
of the phenoxide ion.

Electron-withdrawing R substituents increase the Ka value 
of the hydroxylic group by decreasing its electronic density 
and by decreasing the electronic density of the carbonyl group, 
thus stabilizing form II. Electron-donating R substituents 
exert an opposite effect.

The log K a values were then correlated by a modified 
Hammett equation (eq 2) that gives rise to the values in eq 3. 
The largest contribution is given by <rp~ values, but a minor 
contribution is observed from the trm substituent constants.

The influence of the substituents R and the hydroxy group 
on the rate of formation of the carbinolamines will now be 
discussed.

The &h values for the formation of the carbinolamines from 
phenylhydrazine and the 2'-hydroxy-5'-substituted aceto
phenones are influenced by the presence of the R substituents 
and by the presence of the hydroxy group in the benzene. The 
protonization of the carbonyl group is increased by the hy
droxy group (eq 12).

If R is an electron-withdrawing substituent, the rate of the 
carbinolamine formation increases due to the decrease in 
electronic density of the carbonyl group. On the other hand, 
electron-withdrawing R substituents decrease the rate of

Figure 8. Logarithms of the internal catalytic constants for the for
mation of the carbinolamines from phenylhydrazine and several 2'- 
hydroxy-5'-substituted acetophenones in 20% aqueous ethanol at 25.0 
°C and ionic strength 0.50 plotted against their respective pK a values: 
(I) nitro; (II) cyano; (III) chloro; (IV) unsubstituted; and (V) methyl. 
Data have been taken from Tables I and II.

carbinolamine formation by decreasing the electronic density 
of the hydroxy group, thus destabilizing form II'. The elec
tron-donating R substituents exert an opposite effect.

The log feH values were then correlated by a modified 
Hammett equation (eq 4) that gives rise to the values of eq 5. 
As a consequence of the electronic effect of R on the carbonyl 
group in the meta position, the contribution of om is positive; 
as a consequence of the electronic effect of R on the hydroxy 
group in the para position, the contribution of <rp is negative. 
The largest contribution is given by <xm values.

With respect to the internal catalysis, the electron-with
drawing R substituents increase the rate of the carbinolamine
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formation by decreasing the electronic density of the carbonyl 
group and by decreasing the electronic density of the hydroxy 
group. This makes the phenolic group a stronger acid, and 
consequently leads to a strong hydrogen bond. The electron- 
donating R substituents exert an opposite effect.

The log ko values were then correlated by a modified 
Hammett equation (eq 6) that gives rise to the values in eq 7. 
The values show a positive contribution of <rm and a positive 
contribution of ap. The contribution of <rp is higher than the 
contribution of <rm.
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The kinetics of piperidino substitution of 2-methoxy-3-nitrothiophene (If) and of 2-methoxy-5-nitrothiophene 
(Ilf) have been studied in methanol as a function of amine concentration. The reaction of Ilf is second order overall, 
whereas that of If is base catalyzed. Kinetic data are presented which show that sodium methoxide (added or deriv
ing from the reaction of piperidine with methanol) is the only effective catalyst. The complex kinetic system re
sulting from the competition, at high sodium methoxide concentrations, between the reactions of If respectively 
with piperidine and with sodium methoxide (Meisenheimer-type adduct formation) has been computer analyzed 
and the rate coefficients for the single reactions have been estimated. The whole of the data obtained shows that 
acid catalysis of leaving-group departure by the conjugated acid of piperidine does not occur or is insignificant. The 
special role of the activating nitro group is discussed.

A recent study1 of piperidino substitutions of some 2-L-
3-nitro- (Ia-e) and 2-L-5-nitrothiophenes (Ila-e), in benzene 
and in methanol, has shown that only the reactions of com
pounds IId,e in benzene are piperidine catalyzed due to the 
poor nucleofugicity of p-nitrophenoxy and phenylsulfonyl 
groups in this solvent; while in compounds Ia-e the o-nitro 
group can assist the intermediate decomposition in both sol
vents.2

For piperidino substitutions in methanol, we now wish to 
report straightforward second-order kinetic behavior for 2- 
methoxy-5-nitrothiophene (Ilf) but base catalysis for 2- 
methoxy-3-nitrothiophene (If). The role played by the posi

.NO,

f XV ^ L
I II

a, L = Cl d, L = OC6H4N 0 2-p
b, L = Br e, L = S 0 2Ph
c, L = I f, L = OMe

tion of activating nitro group (hyper-ortho or quasi-para) in 
determining the occurrence of base catalysis will be dis
cussed.

Results and Discussion
Products. Compounds If and Ilf gave the corresponding 

substitution products with piperidine in high yields (>95%) 
as shown by TLC and/or UV-visible spectral analysis of the 
reaction mixtures at infinity.

Reaction o f I l f  with Piperidine. The apparent second- 
order kinetic constant, k,\, for the piperidino substitution of 
Ilf in methanol at 20 °C (Table I) is independent of the initial 
piperidine concentration over a tenfold change.

There can be little doubt that this reaction is second order 
overall, first order both in substrate and in nucleophile, and 
that there is no measurable catalysis by the amine acting as 
a base. This corresponds to the situation where k\ = k\ (see 
below).

Reaction of I f with Piperidine. Items 1-6, 8-10,12,14, 
and 16 in Table II show that &a increases in a curvilinear

nn99_q9Rq/7a/iQ/tq_4nq««m nn/n rpi iqth
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Table I. Kinetic and Activation Parameters“ for the 
Reaction of 2-Methoxy-5-nitrothiophene (Ilf) with 

_______________ Piperidine in Methanol_______________

[pip], M 0.0203 0.0203 0.0203 0.102 0.203
103fe, M-1 1.12* 2.19c 4.02d 1,11* 1,11*

s'"1

0 AH* = 11.1 kcal/mol at 20 °C (maximum error 0.5 kcal/mol); 
AS* = -34 eu at 20 °C. * At 20.1 °C. c At 30.1 °C. d At 40.1 
°C.

If

+ CH..NH

Scheme I
NO,

fashion with increasing piperidine concentration (Figure 1). 
On the other hand, kA is much lower in the presence of pi
peridine hydrochloride (items 25-29).

Since a principal effect of this salt is to reduce the concen
tration of methoxide ion, the increase in k a with piperidine 
concentration could be due mainly to catalysis by methoxide 
ion, a catalyst much more efficient than piperidine.

C5H10NH + MeOH ^  C5H10NH2+ + MeO“ (1)

Kinetic runs performed in the presence of added sodium 
methoxide (items 7,11,13,15,17-24) show that, at constant 
piperidine concentration, k A increases with increasing 
methoxide ion concentration. Moreover, items 7 and 8,10 and
11,12 and 13, and 20 and 21 point out that piperidine catalysis 
is unlikely to occur in any great extent. Finally, items 26 and
29-31 show that the reaction is influenced by the ionic 
strength.

With reference to Scheme I, the general expression for k a , 

in terms of rate coefficients for specific steps, is3

k A = k ik s'k i / (k ~ ik -z  +  k -\ k i  +  k 3 k '̂) (2)

with

*3'* * 3  + t  *3Bi[B/] (3)
¿=1

k -s '  = k - 3 + t  (4)
1=1

where k3 and k3Bi refer to the deprotonation of XH by the 
solvent and by any general base, B„ and k _3, fc_3B< refer to the 
protonation of X -  by the solvent and by any general acid, BH;, 
respectively. Assuming fc_3' »  (SB-GA mechanism)4 leads 
to the following simplification of eq 2

k A = k 1K 3'k4'/ (k -1 +  K 3'k4') (5)

where

A
io \

O

O
OO

O

1 - O

o

o

\p‘ i
¥

____ 1____ 1____ 1____ 1____ 1____ 1____ 1____ 1_____1____ 1__________
O  0 .5  i o

Figure 1. Plot of apparent second-order kinetic constants (kA) for 
the piperidino substitution of If in methanol at 20 °C vs. piperidine 
concentration.

Scheme II

IV (A,) If (A,) IH (A ,)

With respect to the dependence of k a on [B,], eq 5 and 7 are 
formally identical. As a consequence, one can write

kA = a{b + cxi + dx 2) / ( l  +  6 + cxi +  dx 2) (8)

where xj = [pip] and x2 = [MeO- ].
We have fitted our kinetic data to eq 8 using a least-squares 

method5 and the results of the correlation are reported in 
Table III. It is evident that there is no significant contribution 
to kA from the solvent- and/or the piperidine-catalyzed 
pathway. Thus, the reaction of If with piperidine is catalyzed 
by methoxide ion in methanol at 20 °C according to the ca
talysis law

kh = k1k*[MeO-]/(l + k*[UeO-}) (9)

with k 1 = 8.15 X 10- 4 M" 1 s’" 1 and k* = 489 M-1 (Table III, 
line five).6

Kinetic Measurements at High Sodium Methoxide 
Concentrations. Recently8 we have studied the kinetics and 
equilibrium for combination of sodium methoxide with If to 
form the Meisenheimer-type adduct IV.

At methoxide ion concentrations as high as 0.1 M, the pi
peridino substitution reaction of If has to be treated according 
to Scheme II.9 Assuming that each step behaves as a first- 
order reaction, the differential eq 10-12 are obtained.

K 3' =  V / k - a  = fe3Me0 [M e O i/fe _ 3Me0
= fe3pip[pip]//e-3pip[pipH+]
= k 3/ k -3[M eO H 2+] = K x /[M eO H 2+] (6)

If, on the contrary, one assumes k -3  «  k / ,  eq 2 reduces to

k A = k lk 3'/ (k - l +  k z’ ) = k x (¿3 +  /?3Me0 [M eO_ ]
+  /z3P‘P[pip])/(ft—1 +  k 3 +  )?3Me0 [M eO -] +  /e3P‘P[pip]) (7)

dAi/di — fc2i A2 — &i2A i (10)

—dA 2/d£ = fe2iA2 + I223A2 — &12A 1 (11)

dA3/dt = fe23A2 (12)

Integration according to a general method10 gives 

Ai = A2°fe2i(e -X3i -  e ~Xit)/{\2 -  X3) (13)
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Table II. Kinetic and Apparent Activation Parameters for the Reaction of 2-Methoxy-3-nitrothiophene (If) with
Piperidine in Methanol0 at 20 °C______________ _____________________________

no.
[pip].

M
103[MeONa],6

M
103[MeO~],c'

M
io4feA,

M - 's '1
(lOV^calcd1* 

M_1 s_1
Ml*,e

kcal/mol
— A S */ 

eu

1 0.0206 0.384 1.09
2 0.0304 0.467 1.29 6.1 56
3 0.0450 0.569 1.45 6.9 53
4 0.0617 0.667 1.76 7.6 50
5 0.101 0.855 2.07 8.2 47
6 0.158 1.07 2.56 2.80 8.4 46
7 0.0298 1.00 1.18 2.83 2.98
8 0.202 1.21 2.98 3.03
9 0.234 1.30 2.99 3.17 9.0 44

10 0.298 1.47 3.26 3.41 9.1 43
11 0.102 0.940 1.45 3.39 3.38
12 0.458 1.82 3.92 3.84 9.8 41
13 0.254 0.940 1.91 4.00 3.93
14 0.717 2.28 4.40 4.29 10.1 39
15 0.508 0.940 2.45 4.57 4.44
16 1.02 2.72 4.82 4.65 10.0 39
17 0.0298 3.00 3.07 5.02 4.89
18 0.0298 4.00 4.05 5.51 5.41
19 0.0298 5.00 5.04 5.83 5.79
20 0.0298 5.64 5.70 6.01 6.00
21 0.202 5.25 5.52 6.06 5.94 12.5 30
22 0.0508 7.52 7.57 6.34 6.41
23 0.0508 9.40 9.44 6.61 6.70
24 0.202 10.5 10.6 6.65 6.83 13.0 29
25 0.200« 0.0146 0.686
26 0.200h 0.0292 0.750
27 0.200'' 0.0730 0.897
28 0.200; 0.146 1.13
29 0.400« 0.0292 1.25
30 0.202* 1.21 5.05
31 0.202' 1.21 5.22

“ The apparent activation parameters have been obtained from measurements at three temperatures in the range 20-40 °C. These 
further kinetic data are given in the microfilm edition of this volume of the journal. See the Supplementary Material available paragraph. 
b Added sodium methoxide. c Total methoxide ion; values calculated using Kb = 7.3 X 10~6 [J. R. Schaefgen, M. S. Newman, and F.
H. Verhoek, J. Am. Chem. Soc., 66,1847 (1944)]. d Values calculated by eq 9. e At 20 °C, the probable error is ±0.5 kcal/mol. f At 20 
°C. « Piperidine hydrochloride (pipHCl) = 0.1 M. h [pipHCl] = 0.05 M. 1 [pipHCl] = 0.02 M. 1 [pipHCl] = 0.01 M. k Sodium acetate 
= 0.1 M. ' Sodium perchlorate = 0.1 M.

Table III. Results of Least-Squares Fitting to Equation 8 of Apparent Second-Order Kinetic Constants, k A, for the 
______________  Piperidino Substitution of If in Methanol, at 20.0 °C n

constraints
104 (a ±  sa), 

M _1 s_1 b ±  Sb
c ±  sc, 
M - 1

d ±  sa, 
M - 1 items

none 7.95 ±  0.13 0.00 ±  0.02 0.05 ±  0.08 554 ±  40 1-24
b = 0 8.44 ±  0.17 0.14 ±  0.07 423 ±  25 1-24
c = 0 7.91 ±0.11 0.00 ±  0.02 573 ±  30 1-24
6 = 0; c = 0 8.32 ±  0.15 455 ±  20 1-24
b = 0; c = 0 8.15 ±0 .13 489 ±  20 6-24

a sa, Sb, sc, and s<j are the standard errors of a, b, c, and d, respectively.

A 2 -A £ [ [ ( k i 2 —\z)e Xst/{\2 -  X3)]
— [(^12 — X2)e~X2t/(\2 — A.3)]} (14)

A3 = A2°|l + [^23(̂ 12 — X2)e-X2i/(A2 ~ N3)A2]
— [^23(̂ 12 — \3)e-X3i/A3(A2 — A3)]} (15)

where \2 = (P + q)f2; X3 = (p -  q)/2;p = k l2 + k21 + k23;q = 
p 2 — [4fei2fe23]1/2. By measuring, at different intervals, the 
optical densities of the reaction mixtures at the wavelengths 
of the absorption maxima of III and IV, respectively, the 
concentrations of each compound can be easily determined 
according to eq 16 and 17

D\ = C11A 1 + «i2A2 + Î13A3 (16)

D 2  = C2 lA i + É2 2A 2  +  C23-A3 (17)

where ey and c2j 0  = 1, 2, 3) are the molar extinction coeffi
cients of A j ,  respectively, at 340 and 398 nm.8-11

Applying the above curve-fitting method to eq 1512 gives 
the results set forth in Table IV. The k23 values in Table IV 
give second-order kinetic constants, kA, in excellent agreement 
with ki (eq 9) obtained from kinetic measurements at low 
methoxide ion concentrations and provide a check of the in
ternal consistency of our results. On the other hand, the k i2 
and fe2i values in Table IV compare well with those previously 
obtained.8

Implications. Catalysis by methoxide ion in the reaction 
of If with piperidine in methanol is observable as long as k - X 
is larger than or similar to K s'ki' or k3' (Scheme I). Since pi
peridino substitution reactions of compounds Ia-e in meth
anol are not catalyzed,1 base assistance in the substitution of 
methoxy leaving group could be, in principle, needed because
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Table IV. Results of Least-Squares Fitting to Equation 15 of Experimental A 3 Values“ at 20 °C

103fef, lO*kA, Keb,
[MeONa] 105&12, s  1 10*^21, S  1 104fc23, S  1 M- 1 S “ 1 M“ 1 s“ 1 M- 1

0.102 9.99 (1.25) 1.55 (0.16) 1.73 (0.07) 1.52 8.40 15
0.205 6.69 (0.13) 3.28 (0.35) 1.66 (0.11) 1.60 8.06 24

a [pip] = 0.206 M; the values in parentheses are standard errors; number of data points, 20. b Ke = fef/fc12.

of a larger fc_i and/or a lower K:i'k4' (or k:{) for methoxy than 
for the other leaving groups studied.

According to Bernasconi4 fc_i should be little affected by 
leaving group variation. In our opinion, a particular situation 
occurs in o-nitro activated S^Ar of thiophene compounds. The 
hyper-ortho relation13 between substituents linked to 2 and 
3 carbon atoms of the thiophene ring makes the first transition 
state for piperidino substitution of If closely resemble the 
reaction intermediate.14 As a consequence, the two transition 
states involved in the addition-elimination mechanism could 
be of similar importance in determining the overall reaction 
rate.

The quasi-para nitro substituted isomer Ilf lacks this 
through-conjugation factor and the absence of catalysis is 
accordingly accounted for.

Assuming the SB-GA mechanism for base catalysis implies 
k - i  »  K 4 k 4 , indeed, k 4 refers to a bond-breaking process 
and it is likely to be quite low with the poor methoxy leaving 
group.16

The piperidino substitution of If in methanol is not cata
lyzed by acetate ion. In fact, the rate-enhancing effect of so
dium acetate is comparable with that produced by sodium 
perchlorate (items 30 and 31, Table II) and undoubtedly 
represents the medium effect of an “ inert”  salt. The absence 
of catalysis by piperidine and acetate ion could be explained 
on grounds of low k3hi values (Scheme I) for these bases.19

In view of recent discussions on this subject,21 our results 
could imply, alternatively, the absence of general base catal
ysis and the operation of specific base catalysis (SB) by 
methoxide ion.

Conclusions. The piperidino substitution reaction of 2- 
methoxy-3-nitrothiophene in methanol constitutes the first 
exemplum of o-mononitro activated SnAt for which base ca
talysis is needed. The hyper-ortho relation is the major factor 
implied. All of the data obtained agree with a SB (SB-GA) 
mechanism for base catalysis.

Experimental Section
Materials. Compounds If,22 Ilf,23 piperidine,11 and methanol11 

were prepared and/or purified according to the methods reported.
Kinetic Measurements. The kinetics were followed spectropho- 

tometrically as previously described.1'24 The concentrations used were 
1 X 10-3 M for substrates and those indicated in the tables for pi
peridine, sodium methoxide, piperidine hydrochloride, sodium ace
tate, and sodium perchlorate. The rate constants are accurate to 
within ±3%.
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The rate constants of the decarboxylation of 5-amino-l,3,4-thiadiazole-2-carhoxylic acid (I) have been measured 
in the presence of cationic (CTAB), anionic (LSNa), and nonionic (Triton X-100) micelles. The results obtained 
at constant and/or variable proton activity (an acceleration with cationic and nonionic micelles and almost no effect 
with anionic micelles), as well as salt addition effects, agree with a decarboxyprotonation mechanism of the zwitter- 
ion.

Continuing our researches1 on the decarboxylation of het
erocyclic amino acids we report in this paper data on the be
havior of 5-amino-l,3,4-thiadiazole-2-carboxylic acid (I) in

I

water in the presence of cetyltrimethylammonium bromide 
(CTAB), sodium lauryl sulfate (NaLS), and polyoxyethy- 
lenediisobutylphenol(Triton X-100), i.e., surfactants able to 
give respectively cationic, anionic, and nonionic micelles.

5-Amino-l,3,4-thiadiazole-2-carboxylic acid decarboxylates 
in water over the pH range 0.25-3.91 and the data obtained 
agree with two different mechanisms: unimolecular decom
position of the zwitterion (or of the undissociated acid) and/or 
protiodecarboxylation of the anionic species (Scheme I).

On the basis of chemical considerations1 we have excluded 
the mechanism of protiodecarboxylation (carbon-hydrogen 
bond forming, often rate determining, followed by carbon- 
carbon bond breaking) and preferred a unimolecular de
composition of the zwitterion (rate-determining carbon- 
carbon bond breaking followed by carbon-hydrogen bond 
forming).

Surfactants influence rate and equilibrium constants of 
many chemical processes.2 The behavior of micelles is espe
cially interesting in what concerns the simulation of enzyme 
action.3 Several studies have been reported on reactions car
ried out in the presence of micelles, including some unimo
lecular decarboxylation processes.4 These have all been con
cerned with anions which decarboxylate through a transition 
state where the negative charge is delocalized more than in the 
initial state and therefore micellar catalysis is expected to be 
important.

The present study constitutes the first exemplum, in our 
knowledge, concerning micellar effects on the decarboxylation 
reaction of zwitterionic species and it seems to us of some in
terest in that micelles could simulate the enzyme-catalyzed 
decarboxylation of natural amino acids.

Scheme I

Kinetic Data. The apparent first-order kinetic constants 
and the thermodynamic parameters measured at variable 
surfactant concentration in the presence of 0.025 M HC1 are 
collected in Tables I and II. Data at constant surfactant con
centration and variable HC1 concentration are in Table III. 
Moreover data related to salt effects are in Table IV.

Kinetic data in Table I (see also Figure 1) clearly indicate 
a positive catalytic effect by both Triton X-100 and CTAB and 
a slight effect by NaLS.5

One can observe that in spite of high surfactant concen
trations (respectively, Triton X-100 0.16 and CTAB 0.17 M) 
the typical plateau of unimolecular4a-b'7 reactions is not ob
served, thus indicating a low incorporation of substrate in 
micelles. A low binding constant is expected if the species to 
be decarboxylated is the zwitterion (see below): hence the 
apparently low Am//sw ratios.

Examination of data at constant surfactant concentration 
and variable proton activity confirms this hypothesis. In fact, 
we have observed (data in Table III, see also Figure 2) trends 
of kinetic constants vs. proton activities similar to those ob
served in the absence of surfactants,8 thus indicating that the 
equilibria in Scheme I are only scarcely affected by the present
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Figure 1. Micellar catalysis by Triton X-100 (O), CTAB (O), and 
NaLS (• ) for decarboxylation of I in the presence of 0.025 M hydro
chloric acid at 40.0 ±  0.1 °C.
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Table I. Apparent Rate Constants for the Decarboxylation of I in the Presence of Surfactants and Hydrochloric Acid
(0.025 M) at 40.0 ±  0.1 °C

Triton X-100 CTAB NaLS
CD X 102, ^obsd X CD X 102 ^obsd X Cq X 102, ^obsd X
mol Lr1 105,a s“ 1 mol L_1 105,a s“ 1 mol L-1 105,a s- 1

1.86 1.86 1.86
9.60 (50.6 °C) 9.60 (50.6 °C) 9.60 (50.6 °C)

38.5 (60.3 °C) 38.5 (60.3 °C) 38.5 (60.3 °C)
0.16 2.22 2.0 2.85 4.0 2.08
0.60 2.58 4.0 3.80 7.0 2.07
2.0 3.46 6.0 4.67 10.0 2.22
3.8 4.21 8.0 5.47 13.0 2.35
5.9 5.25 8.0 22.4 (50.6 °C) 13.0 10.9 (50.6 °C)
5.9 22.2 (50.3 °C) 8.0 73.9 (60.2 °C) 13.0 43.8 (60.3 °C)
5.9 76.1 (59.9 °C) 10.0 6.28
6.0 5.52 13.0 7.32
7.0 6.08 15.0 7.96
8.5 6.71 17.0 8.53

10.0 7.64 17.0 31.9 (50.4 3C)
12.0 8.84 17.0 106 (60.3 °C)
13.5 9.65
14.0 9.76
15.0 10.1
16.0 10.6

° The rate constants are accurate to within ±3%.

Table II. Activation Parameters for the Decarboxylation 
of I in the Presence of Surfactants and Hydrochloric Acid 
__________________________ (0.025 M)___________________________

surfactant
CD X 102, 
mol L-1

A H*,a 
kcal 

mol-1

AS*,6 
cal mol-1 

K" 1

30.6 17.3
Triton X-100 5.9 27.3 8.8
CTAB 8.0 26.3 5.7
CTAB 17.0 25.3 3.5
NaLS 13.0 29.1 13.2

a At 40 °C, the maximum error is 0.6 kcal mol 6 At 40 °C.

surfactants. On the other hand, the close resemblance between 
the curves in Figure 2 implies that the reaction mechanism in 
the presence of surfactants is of the same kind as that observed 
in pure water. Thus, the behavior of I in the presence of mi
celles can help to elucidate the decarboxylation mecha
nism.

We have suggested that the decarboxylating species should 
be the zwitterion. The structure of zwitterion with the positive 
charge delocalized on exo- and endocyclic nitrogen atoms

accounts for the higher catalytic effect of nonionic and cationic 
micelles compared to anionic micelles, e.g., NaLS, which are 
likely to cause strong electrostatic repulsive interactions with 
the negative center of the zwitterion.

On the whole, nonionic and cationic micelles should give 
weak attractive or feebly repulsive interactions with the re
active species, which turns out destabilized415 going from water 
phase to micelles; of course the situation should be more fa
vorable in the transition states. In fact, because of the higher 
dispersion of the negative charge, these interact with micelles 
to a greater extent.

The behavior observed in the decarboxylation of I recalls 
that observed by Fendler and co-workers9 in the hydrolysis 
of potassium 2,4-dinitrophenylsulfate.

The results obtained allows the following conclusions to be 
drawn: (a) The protiodecarboxylation mechanism can be 
definitively excluded. In fact, if the species which is decar- 
boxylated were the anion, the trend of apparent first-order 
kinetic constants vs. surfactant concentration should have 
been different; i.e., the reaction should have been inhibited 
by cationic micelles, (b) The unimolecular decarboxylation 
of the undissociated acid is unlikely to occur; in this case there 
should have been large attractive interactions between

Table III. Apparent Rate Constants for the Decarboxylation of I at Various Hydrochloric Acid Concentrations in the
Presence of Surfactants at 40.0 ± 0.1 °C

Triton X-100ct CTAB6 NaLSc
HC1, 

mol L_1 pH
ôbsd

105,d s-1
HC1, 

mol L_1 pH
ôbsd ^ 

105,d S' 1
HC1, 

mol L-1 pH
ôbsd X

105,d S _ 1

0.400 0.46 2.57 0.200 0.85 4.89 0.200 0.90 1.37
0.200 0.78 3.58 0.100 1.13 5.77 0.100 1.27 1.65
0.100 1.10 4.54 0.050 1.45 6.20 0.075 1.42 1.77
0.075 1.22 4.83 0.040 1.59 6.18 0.050 1.64 1.96
0.050 1.39 5.42 0.025 1.80 6.28 0.025 2.00 2.07
0.025 1.70 5.52 0.020 1.92 6.27 0.0125 2.46 1.96
0.0125 2.02 5.53 0.0100 2.29 5.51 0.0100 2.64 1.76
0.0100 2.16 5.32 0.0050 2.70 3.84 0.0080 2.75 1.56
0.0075 2.33 4.87
0.0050 2.60 4.45
0.0025 3.11 2.62
0.0010 4.09 0.476

° 6 X 10-z mol L_1. 6 10 X 10~2 mol L_1. c 7 X 10-2 mol L-1. d The rate constants are accurate to within ±3%.
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Table IV. Salt Effect on the Decarboxylation of I in the 
presence of CTAB (0.1 M) and Hydrochloric Acid (0.025 

M) at 40.0 ±  0.1 °C____________________

added salt,0 
mol L_1

^obsd X 
105,b s-1

6.28
A, 0.05 6.51
A, 0.10 6.52
A, 0.20 6.55
A, 0.40 6.52
B, 0.05 6.14
B, 0.10 6.38
B, 0.20 6.53

a Added salts: A, KC1; B, KBr. h The rate constants are accurate 
to within ±3%.

P H

Figure 2. Plot of log /e0bsd for decarboxylation of I at 40.0 ±  0.1 °C vs. 
acidity function: O Triton X-100 (6 X 10-2 M), O CTAB (10_1 M), 
and • NaLS (7 X 10-2 M). The curve is that calculated for reactions 
in the absence of surfactants.

starting material and micelles and low repulsive interactions 
between transition states (with incipient zwitterionic char
acter) and micelles, especially for nonionic micelles. This 
prevision disagrees with experimental data, (c) The unimo- 
lecular decarboxylation of the zwitterion remains the most 
probable decarboxylation mechanism of I (see above).

Salt effects on micellar catalysis support the proposed 
mechanism. In fact, the decarboxylation of I in pure water is 
retarded by salt addition10 at variance with what happens in 
the presence of cationic micelles (see Table IV). This is be
cause salt addition lowers the ionic character of micelles fa
voring micelle-substrate interactions.

Also the activation parameters agree with the proposed 
mechanism (see Table II). The activation entropy values are 
more negative than in pure water, as expected with depen
dence on the higher order deriving from interactions with 
micelles; on the other hand the activation enthalpy values are 
lower than in pure water because interactions with micelles 
favor the charge dispersion in the transition states.

Experimental Section

Materials. The acid was prepared and purified as described.11 
Commercial CTAB and NaLS (Merck, pro analysis) and Triton X-100 
(J. Baker) were used without further purification.

Kinetic Measurements. The kinetics of decarboxylation were 
followed spectrophotometrically as previously described13 by mea
suring the disappearance of I, respectively, at 290 nm for the runs in 
the presence of CTAB and NaLS and at 300 nm in the case of Triton 
X-100.

The pH measurements were made as previously described.1“

Acknowledgment. We thank the C.N.R. for support.

Registry No.—I, 63326-73-8.

References and Notes

(1) (a) Part 2: D. Spinelli, R. Noto, G. Conslglio, and F. Buccheri, J. Heterocycl. 
Chem., 14, 309 (1977); (b) D. Spinelli, R. Noto, G. Consiglio, G. Werber, 
and F. Buccheri, J. Chem. Soc., Perkin Trans. 2, 639 (1977), and references 
cited therein.

(2) J. FI. Fendler and E. J. Fendler, “Catalysis in Micellar and Macromolecular 
Systems," Academic Press, New York, N.Y., 1975.

(3) D, Plszklewlcz, J. Am. Chem. Soc., 98, 3053 (1976), and references cited 
therein.

(4) (a) C. A. Bunton and M. J. Minch. Tetrahedron Lett., 3881 (1970); (b) C. A. 
Bunton, A. Kamego, and M. J. Minch, J. Org. Chem., 37, 1388 (1972); (c)
L. Ka-MIng Lam and D. E. Schmidt, Jr., Can. J. Chem., 51, 1959 (1972); 
J. Suh, I. S. Scarpa, and I. M. Klotz, J. Am. Chem. Soc., 98, 7060 (1976); 
W. J. Spetnagel and I. M. Klotz, ibid., 98, 8199 (1976).

(5) The small size of this effect does not allow any mechanistic speculation 
to be made; In fact, many overlapping factors can operate (variation of 
proton activity in water in the presence of micelles, which should cause 
a negative catalytic effect In water phase;6 Influence of the relatively high 
oxonlum ion concentration on micelle structure, etc.6).

(6) C. A. Bunton and B. Wolfe, J. Am. Chem. Soc., 95, 3742 (1973).
(7 ) G. J. Buist, C. A. Bunton, L. Robinson, L. Sepulveda, and M. F. Stam, J. Am. 

Chem. Soc., 92, 4072 (1970).
(8) The low shift observed can be explained taking Into account that kinetic 

runs in the presence of surfactants have not been carried out at constant 
ionic strength and that micelles influence the proton activity of solu
tions.

(9) E. J. Fendler, R. R. Lelchtl, and J. H. Fendler, J. Org. Chem., 35, 1658
(1970).

(10) D. Spinelli, R. Noto, and G. Conslglio, unpublished results.
(11) G. Werber and F. Maggio, Ann. Chim., 53, 3 (1963).



Thermolysis of 3,3-Bis(p-anisyl)-l,3-dioxetane J. Org. Chem., Voi. 43, No. 21, 1978 4045

Kinetics of the Thermolysis of 3,3-Bis(jrj-anisyl)-l,2-dioxetane

W illiam H. Richardson,* James H. Anderegg, M ary E. Price, and Richard Crawford

Department of Chemistry, San Diego State University, San Diego, California 92182 

Received December 12, 1977

3,3-Bis(p-anisyl)-l,2-dioxetane (DAD) was prepared and the kinetics of thermolysis were studied in benzene and 
methanol solvents in order to probe the possibility of a concerted reaction. Activation parameters for DAD in ben
zene are £ a = 20.9 ±  0.3 kcal/mol, log A = 11.77 ±  0.18, AH * = 20.2 ±  0.3 kcal/mol, AS* = - 6.8 ±  0.8 eu, AG* =
22.5 ±  0.3 kcal/mol; and in methanol they are E„ = 21.0 ±  0.2 kcal/mol, log A = 11.99 ±  0.16, AH* = 20.3 ±  0.2 kcal/ 
mol, AS* = —5.8 ±  0.7 eu, AG* = 22.2 ±  0.2 kcal/mol. The unsubstituted model compound, 3,3-diphenyl-l,2-diox- 
etane (DPD), was previously found to have Ea values in both benzene (22.7 kcal/mol) and methanol (22.2 kcal/mol) 
which are somewhat larger than those for DAD. In terms of rate enhancement by the p-methoxy substituents & d a d /  
& d p d  is 3.90 and 4.55 at 60 °C in benzene and methanol, respectively. These data are considered in terms of a con
certed process and a stepwise biradical mechanism. The results appear to be most reasonably interpreted in terms 
of the biradical mechanism where the substituent effect is associated with homolysis of the 0 - 0  bond.

Thermolysis of several simply substituted 1,2-dioxetanes 
appears to be most readily accommodated by a biradical 
mechanism.1 Several lines of evidence have led us to this 
conclusion. First, calculated activation parameters based on 
a biradical process are in good agreement with the experi
mental parameters. Second, substituents have little effect on 
the rates of dioxetane thermolyses. Third, the activation pa
rameters for thermolysis show little sensitivity upon changing 
from an aprotic nonpolar solvent such as benzene to a protic 
polar solvent such as methanol. Finally, the biradical mech
anism can accommodate the high efficiency of triplet carbonyl 
production2 within the context of spin conservation.

Currently we have been searching for dioxetanes that would 
show the characteristics of a concerted thermolysis reaction.ld 
We have used two approaches in the design of the structure 
of dioxetanes in an attempt to realize this goal. First, the 
dioxetane ring has been progressively substituted with phenyl 
groups.16 Thermochemical kinetic calculations indicate that 
such substitution should progressively weaken the C-C bond 
of the dioxetane ring. At some point in the successive phenyl 
substitution, one might anticipate that the C-C and 0 -0  
bonds would become sufficiently comparable in energy so that 
a concerted decomposition would occur. With up to three 
phenyl substituents, it still appears that a stepwise decom
position occurs.16

A second approach is to design dioxetanes with aryl groups 
bearing substituents that would facilitate a concerted process. 
This approach is reported here with 3,3-bis(p-anisyl)-l,2- 
dioxetane (DAD). One may envisage an unzipping of the

CH3— O
DAD

dioxetane ring in a concerted manner, which is facilitated by 
the p-methoxy substituents in DAD as indicated below, where 
An = p-CH3OC6H4.

It may also be possible to encourage a concerted process by 
an appropriate choice of solvent. Previously, we have pre
sented arguments to suggest that methanol solvent should 
facilitate a concerted reaction.10 A comparison of activation 
parameters obtained in benzene and in methanol is used here 
to assess the possibility of a concerted process for DAD.

Results

DAD was prepared by the closure of the corresponding 
bromohydroperoxide, l-brom o-2-hydroperoxy-2,2-bis(p- 
anisyl)ethane (BHA). The latter hydroperoxide could be ob
tained as a white crystalline solid by recrystallization from 
carbon tetrachloride at low temperature. Recrystallization of 
DAD proved unsuccessful, so column chromatography on 
silica gel with and without impregnation with EDTA was at
tempted. After several attempts, we were unable to obtain any 
peroxidic fractions from either type of chromatography. For 
these reasons, DAD was used without further purification. The 
presence of DAD was detected by the characteristic dioxetane 
ring 1H NMR absorption at 5 5.68, which disappeared upon 
heating the solution. A crude rate coefficient of 0.96 X 10~3 
s_1 at 37.5 °C was obtained in carbon tetrachloride solution 
by following the disappearance of dioxetane ring protons by 
NMR. This value compares favorably with a rate coefficient 
of 1.15 X 10-3 s“ 1, calculated from the activation parameters 
for DAD in benzene, as obtained by light emission data. 
Concentrations of DAD were determined by iodometric bi- 
amperometric analyses, which were corrected for contami
nation by BHA.

Kinetic measurements were obtained from light emission 
of DAD in the presence of 9,10-dibromoanthracene (DBA) by 
previously reported methods.10 Under these conditions, no 
light emission was observed from BHA. To avoid spurious 
transition metal ion catalysis, the methanol solvent was 
treated with EDTA and EDTA was added to the kinetic cells 
with either methanol or benzene solvent.10'3 In addition, an
hydrous sodium sulfate was added to the kinetic cells to avoid 
contamination by water.

The rate coefficients as a function of temperature and 
concentration of the dioxetane in benzene solvent are given 
in Table I. Rate data for the thermolysis of DAD in methanol 
solvent are shown in Table II. Activation parameters calcu
lated from these data are given in Table III along with the 
previously reported experimental and calculated activation 
parameters for 3,3-diphenyl-l,2-dioxetane (DPD).lb’° It is 
seen from Table I that a 50- to 100-fold variation in the initial 
DAD concentration causes only a small change in the rate 
coefficient. Thus, the thermolysis of DAD adheres to first- 
order behavior at low concentrations, as was previously ob
served with other dioxetanes.1

Discussion

In comparison to 3,3-diphenyl-l,2-dioxetane (DPD), acti
vation energies (f?a) are lowered by the di-p-methoxy sub
stitution in DAD by 1.8 and 1.2 kcal/mol respectively in 
benzene and methanol solvents. This does not appear to be

0022-3263/78/1943-4045$01.00/0 © 1978 American Chemical Society
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Table I. Rate Coefficients for the Thermolysis of 3,3- 
Bis(p-anisyl)-l,2-dioxetane (DAD) in Benzene Solventn h

104[DAD], M__________ Ç ° C _______________ 103fe,° s -1

1.17 25.05 0.277 ± 0.002
1.60 25.05 0.298 ± 0.006

117 25.10 0.238 ± 0.002
2.03 35.15 0.767 ± 0.007

117 35.12 0.805 ± 0.007
1.17 45.10 2.52 ± 0.01
1.17 45.10 2.47 ± 0.03
1.60 55.10 6.57 ±  0.08
1.60 55.10 6.52 ± 0.07
1.17 70.05 27.2 ± 0.3
1.17 70.10 27.8 ± 0.3

° With [DBA] = 2.44 X 10~4 M. b Solutions were saturated with 
Na2EDTA and protected from moisture with anhydrous Na2SC>4. 
0 By least squares with standard error.

Scheme I

the result of compensating changes in AH* and AS*, since 
AG* is about 1.0 kcal/mol lower for DAD compared to DPD 
in both solvents. In terms of relative rates (^dad/^dpd) at 60 
°C, the two p-methoxy substituents accelerate the rate by 
factors of 3.90 and 4.55 respectively in benzene and methanol 
solvents.

First of all, it should be noted that the substituent effect of 
the two p-methoxy groups in DAD is small compared to the 
unsubstituted model DPD. Previously, we had found that the 
biradical scheme shown below readily accommodated our data 
for other substituted dioxetanes, including I)PD.1a d It seems 
most likely then that DAD is undergoing thermolysis ac
cording to Scheme I with little or no progress toward a con
certed decomposition. In one report,4 where a change from a 
stepwise to a concerted process may be occurring, there is a 
considerably greater decrease in E„ than is observed between 
DAD and DPD. For example, the Arrhenius activation energy 
decreases from 26.1 kcal/mol for 1 to 21.0 kcal/mol for 2,4 
where a stepwise mechanism is most likely for 1 while a con
certed process may be associated with 2. Based on a compar

ison of 1 and 2, one might expect a greater decrease in Ea be
tween DAD and DPD if a concerted process was operative 
with DAD.

One test that we have used previously to probe the possi
bility of a concerted reaction is a comparison of kinetic data 
in benzene vs. methanol solvent.10 Here it is expected that the 
activation energy would be decreased and the rate increased 
upon changing from benzene to methanol solvent if a con
certed process is operative. This expectation is based upon the

Table II. Rate Coefficients for the Thermolysis of 3,3-
Bis(p-anisyl)-l,2-dioxetane (DAD) in Methanol

Solvent0-0

t,°C 10k, s 1 O o 10 k,d s 1

17.89 0.180 ± 0.002 35.08 1.22 ± 0.01
17.89 0.175 ±  0.001 35.08 1.46 ±  0.01
25.13 0.437 ± 0.003 35.08 1.32 dfc 0.01
25.13 0.432 ± 0.005 45.03 3.90 ± 0.02
25.13 0.427 ± 0.012 45.03 3.90 ±  0.01
35.08 1.28 ± 0.01 55.22 10.9 ± 0.1

55.22 11.2 ±  0.1

° Solutions were saturated with Ha2EDTA and protected from 
moisture with anhydrous Na2SC>4. b [DAD] = 1.40 X 10-4 M. 
0 [DBA] = 5.50 X 10-4 M. d Least-squares analysis with standard 
error in individual measurements.

development of the polar carbonyl bond in the activated 
complex of the concerted process, which should be stabilized 
by the polar-protic methanol solvent. This prediction finds 
support in the solvent effect associated with the fi scission of 
the ferf-butoxy radical.5 As seen from Table III, the activation 
parameters for DAD in benzene and methanol are the same 
within experimental error. These data also suggest that a 
concerted process is not operative or at least little progress has 
been made in breaking the C-C bond of the dioxetane ring in 
the activated complex of the rate-determining step.

The small substituent effect observed with DAD as com
pared to DPD seems most reasonably assigned to the breaking 
of the 0 - 0  bond (i.e., ki in Scheme I). In support of this pro
posal, a comparison of the thermolysis kinetics of benzoyl 
peroxide (3) and its p,p'-dimethoxy derivative (4) may be 
considered.6 At 80 °C the relative rates (k jk$ )  in acetophe
none and dioxane are 3.616a and 2.81,6b respectively. These 
values are similar to those found for ^dad/^dpd (3.90 and 4.55 
at 60 °C in benzene and methanol solvent, respectively). 
Furthermore, the activation energy is decreased in proceeding 
from 3 to 4 by 1.5 kcal/mol in acetophenone and by 1.0 kcal/ 
mol in dioxane solvent. The decrease in activation energy with 
the di-p-methoxy substitution in the benzoyl peroxide series 
is then similar as well to that observed with the dioxetanes (1.8 
and 1.2 kcal/mol in benzene and methanol solvent, respec
tively).

Enhanced light emission from DAD in the presence of DBA 
is indicative of triplet carbonyl formation.7 This observation 
is also most readily explained in terms of Scheme I rather than 
a concerted process, since in the latter process a violation of 
spin conservation results. Since this rule has found such wide 
applicability,8 considerable doubt is cast upon a concerted 
mode which involves triplet carbonyl production. One could 
argue that they are two competing reactions: a concerted de
composition of DAD to give singlet carbonyl products and a 
second reaction to give triplet carbonyl products. Although 
the first process avoids the problem of spin conservation 
violation, the second reaction introduces this problem once 
again. At least, at this point in our understanding of the 
thermolyses of simply substituted dioxetanes, the generalized 
Scheme I would appear to accommodate all of the observa
tions with the greatest economy.

Recently, the volume of activation was determined for 
tetramethyl-1,2-dioxetane (TMD) to be 11 ±  3 cm3/mol.9 This 
value is considerably larger than the expected value of about 
5 cm3/mol for either homolysis of one bond in Scheme I with 
k-\ «  (fc2So + &2S1 + &2Ti) or a concerted rupture of two 
bonds.10 It appears that the only way to rationalize the AV* 
value for TMD is to propose that k-\ and (fe2s0 + &2Si + &2Ti) 
are more nearly comparable. This proposal has certain re
strictions, considering our substituent studies, including the 
present results with DAD. Very small substituent changes
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Table III. Activation Parameters for 3,3-Bis(p-anisyl)-l,2-dioxetanee (DAD) and 3,3-Diphenyl- t^-dioxetane' (DPP),
dioxetane solvent £a° log A AH* a’b AS* c A G * a’b

DAD benzene 20.9 ± 0.3 11.77 ±0.18 20.2 ± 0.3 -6.8 ± 0.8 22.5 ± 0.3
DAD methanol 21.0 ±  0.2 11.99 ± 0.16 20.3 ± 0.2 -5.8 ±0.7 22.2 ±  0.2
DPD benzene 22.7 ± 0.1 12.36 ± 0.06 22.0 ± 0.1 -4.1 ± 0.3 23.4 ± 0.1
DPD methanol 22.2 ±  0.2 12.12 ±0.08 21.6 ± 0.2 -5.1 ± 0.5 23.3 ± 0.2
DPD (caled) 22.6 12.71 21.9 -2.5 22.7

0 Kcal/mol. b Calculated at 60 °C. c eu. d Calculated on the basis of the stepwise biradical process. e Registry no. 67087-29-0.' Registry 
no. 53399-67-0.

were observed with a progressive replacement of methyl with 
phenyl groups on the dioxetane ring.la-d With DAD compared 
to DPD, it appears that the small substituent effect can be 
attributed to step ki in Scheme I, by analogy to benzoyl per
oxides. These substituent effects then require that k -i  must 
be less than (fe2s0 + -as, + fcaTj)- It is possible that k-\ is only 
somewhat less than (fe2s0 + &2Si + &2Ti)- For cyclobutane 
pyrolysis, which appears to be best explained in terms of a 
biradical mechanism, the activation energies associated with 
the back reaction (k-i) and the forward reaction (k-2) from the 
biradical are estimated to be 6.6 and 8.3 kcal/mol, respec
tively.11 Since the tt bond in carbonyls is of lower energy than 
the ir bond in olefins,12 it was initially thought that the com
parable activation energies in the dioxy biradical process 
would be skewed so that E -i  »  Z?2- This reasoning is, of 
course, based on the ground state energies of the product 
carbonyls vs. olefins and the activation energies may not be 
proportional to the ground state energies. In fact, reactions 
of 1,4-biradicals (or zwitterions) have been suggested to be 
subject to orbital symmetry rules.14 In effect, the orbital 
memory may not be lost in proceeding from the reactant to 
the intermediate biradical and on to the product. Since the 
[2s + 2s] reaction of the dioxetane to carbonyl products is 
forbidden, this would mean that the biradical to carbonyl 
process is also forbidden. This could result in a more sub
stantial activation energy for the biradical to carbonyl process 
than was previously anticipated. With this reasoning, one can 
rationalize the substituent effect data and the value of AV* 
for TMD, where k -i  is less but more nearly comparable to 
( & 2 S o  +  ^ 2 S i  +  & 2 T i ) - 1 5

Experimental Section16
1.1- Bis(p-anisyl)ethanol. This carbonyl was prepared in 94% 

yield, by a method which was similar to a previously reported proce
dure,17 from p.p'-dimethoxybenzophenone (Aldrich) and methyl- 
magnesium iodode. The resulting crude semisolid was not further 
purified, since the carbinol was found to undergo dehydration upon 
recrystallization from 95% ethanol which contained a few drops of 6 
N sodium hydroxide. Spectral data were in accord with the expected 
product: IR 3610, 3500 (OH), 3050, 3010 (Ar-H), 2960, 2845 cm" 1 
(aliph C-H); NMR 3.70, (s, 6.0, CH30), 1.79 (s, 3.1, CH3), 4.46 (s, 0.80, 
OH), 6.90 (AB, J = 9.0 Hz, 8.8, Ar-H).

1.1- Bis(p-anisyl)ethene. A 10.8 g (41.9 mmol) sample of the above 
carbinol was treated with 50 mL of 20% sulfuric acid in acetic acid for 
10 min.18 Water (50 mL) was added and the mixture was extracted 
with methylene chloride. After washing the methylene chloride ex
tract with water and drying it over magnesium sulfate, rotoevapora- 
tion gave 10.75 g of a light tan solid. Recrystallization from 30 mL of 
benzene/16 mL of 95% ethanol gave 7.75 g (77% yield) of white plates, 
mp 140-141.5 °C (lit.19 mp 142-144 °C). A second crop was obtained 
upon partial concentration of the filtrate, which upon recrystallization 
from cyclohexane gave 1.32 g (13% yield) of white plates, mp 126-128 
°C. Spectral data of the first crop showed: IR 3100, 890 (=CH 2>, 3050, 
3010 (ArH), 2960,1845 (aliph CH), 1620 cm“ 1 (C=C); NMR 3.70 (s,
5.9, CH30), 5.09 (s, 2.0, = C H 2), 6.83, (AB, J  = 11.4 Hz, 8.0, ArH).

l-Bromo-2-hydroperoxy-2,2-bis(p-anisyl)ethane (BHA). The
above olefin (3.0 g, 12.5 mmol) was dissolved in 40 mL of dry tetra- 
hydrofuran (THF) and the solution was cooled to -1 0  °C under a 
nitrogen atmosphere. Hydrogen peroxide (45 mL of 1.37 M) in THF 
was added. The hydrogen peroxide solution was prepared from 98% 
hydrogen peroxide (FMC) and anhydrous THF and then dried for 
24 h at 25 °C over anhydrous magnesium sulfate. To affect solution

of the olefin, it was necessary to raise the temperature to 0 °C and then
1.72 g (6.00 mmol) of 1,3-dibromohydantoin (Matheson Coleman and 
Bell) was added in portions over a 30-min period with stirring.20 The 
reaction flask was wrapped with aluminum foil during the reaction. 
After the addition of the brominating agent was completed, the 
mixture was allowed to stir at 0 °C for 45 min, gradually warmed to 
room temperature over about 30 min, and then stirred for an addi
tional 1.5 h. The mixture was then transferred to a separatory funnel 
containing 50 mL of ether and 50 mL of 5% sodium bicarbonate so
lution. After shaking, the organic phase was separated and further 
washed with 5% sodium bicarbonate solution and then with water. 
The ether phase was dried over anhydrous sodium sulfate and then 
rotevaporated to give a light yellow semisolid, which gave a positive 
peroxide test to potassium iodide starch paper. A biamperometric 
titration of the product indicated that BHA was obtained in 65% yield. 
The crude product was recrystallized from carbon tetrachloride at 
about —20 °C to give a white solid, mp 91-92.5 °C dec, 97.7% pure by 
iodometric analysis: NMR 3.71 (s, 6.1, CH30), 4.10 (s, 2.0, CH2), 7.33 
(s, 0.77, OOH), 6.86, (AB, J = 10 Hz, 8.1, ArH).

3,3-Bis(p-anisyl)-l,2-dioxetane (DAD). This dioxetane was 
prepared by a previously reported method,16'20 whereby BHA was 
cyclized at 0 °C with sodium hydroxide in methanol containing 2 mol 
% Na2EDTA. After quenching with cold water, the mixture was rap
idly extracted with cold carbon tetrachloride. Attempts to crystallize 
DAD failed. When chromatographed on silica (with or without 
Na2EDTA impregnation),21 the dioxetane decomposed on the column. 
The NMR spectrum of the unpurified carbon tetrachloride solution 
showed, in addition to several other absorptions, the following ab
sorptions: 5.68, (s, 2.0, CH2), 3.77 (s, 6.0, CH30), 7.33 (AB, J  = 9 Hz, 
Ar). The aromatic region contained other absorptions so that it was 
not possible to obtain a reliable integral.

The net amount of DAD in a carbon tetrachloride solution was 
determined by the difference between biamperometric icdometric 
peroxide analyses22 before and after heating the sample at 42 °C for 
about 6 h. During the heating period DAD decomposed, while in an 
independent experiment, BHA was found to be stable. In one such 
analysis the initial and final peroxide concentrations were 8.04 X 10-3 
M and 5.09 X 10-4 M, respectively. This corresponds to 6.3% BHA 
and 93.7% DAD in the peroxidic fraction.

Kinetic Methods. Rate measurements were made by the emission 
technique in the presence of DBA according to a previously reported 
method.lbc’23 In one instance, the rate of disappearance of DAD was 
followed by monitoring the dioxetane ring protons in carbon tetra
chloride solution at 37.5 °C by NMR.
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Unsaturated hydroperoxides undergo cyclization when treated with mercuric nitrate or trifluoroacetate. The 0- 
mercurated cyclic peroxide products are isolated by high-pressure liquid chromatography as the alkyl mercuric 
bromides. Yields of analytically pure cyclic peroxides range from 60 to 90%. Treatment of the (3-mercurated perox
ides with molecular bromine gives the /3-bromo cyclic peroxides in 80-90%, while reaction of the d-mercurated per
oxides with borohydride leads to the parent cyclic peroxides in yields that range from 10 to 100%.

Cyclization reactions of unsaturated hydroperoxides have 
provided a synthetic approach for the preparation of a variety 
of cyclic peroxides. Thus, unsaturated hydroperoxides un
dergo cyclization,1-2 presumably via a peroxy radical such as 
1, when subjected to autoxidation conditions. Cyclization of

Peroxymercuration of olefins has been effectively employed 
as a method for the preparation of ̂ -substituted peroxides.4-6 
A variety of substituted olefins react with mercuric salts such 
as the acetate, trifluoroacetate, or nitrate in the presence of 
hydroperoxides to yield the /?-mercurated peroxide 5. These

(CH2U R, 

ch2 II
\
0

\ ) > R3

1

unsaturated hydroperoxides can also be induced by generating 
an electron deficient site from the olefin functionality. For 
example, the hydroperoxide 2 is converted2 to a (3-hydroxy 
cyclic peroxide 4 via the oxirane-hydroperoxide 3. The dis-

OH

2 3 4

covery that compounds like 4 have interesting pharmacolog
ical properties3 prompted us to explore other methods of 
generating cyclic peroxides from unsaturated hydroperoxides. 
In particular, we sought to extend the established method of 
intermolecular olefin peroxymercuration to our unsaturated 
hydroperoxides.

=CHR:i +  HgY2 + HOO-i-Bu

R,

— >- R, RTXOO-i-Bu )-CH( HgY )R:1 
5

A  \ BHr
R,R2C( 00-f-Bu)CHX R;i R ^O O -i-B uhC B .R ,

6 7
compounds can be efficiently converted into the corre
sponding /3-halogeno or (3-hydrido peroxides by halogeno- 
demercuration4 or hydridodemercuration.5 We report here 
that intramolecular peroxymercuration is affected by reacting 
hydroperoxides such as 2 with mercuric(II) compounds. The 
versatile /3-mercurated cyclic peroxides so generated are a 
source of several new cyclic peroxide compounds.

Results and Discussion
The Synthesis of /3-Mercuri Cyclic Peroxides. The un

saturated hydroperoxides 2 ,8, 9, and 10 react with 1 equiv of

2 8 9 10

Hg(N0s)2-H20  in dichloromethane at 22 °C. The products 
formed are isolated as the mercuric bromides, and the cyclic 
peroxides so generated are isolated and purified by high-

0022-3263/78/1943-4048$01.00/0 © 1978 American Chemical Society
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pressure liquid chromatography (LC). Yields of LC purified 
/3-mercurated cyclic peroxides exceed 55% in all cases inves
tigated. The structure assignment of the mercurated cyclic 
peroxides is supported by aH  and 13C NM R spectroscopy and 
elemental analysis.

2,8, and 9 are converted solely into the five-membered ring 
cyclic peroxides 11,12, and 13 w ith none of the possible six-

0 —0  0 - 0

11 12 13

membered ring isomer being detected by LC or NMR. 10 
yields a mixture of two cyclic peroxides, 14 and 15, upon re-

action with HglNOrs^-PLO. These isomers can be readily 
separated by LC, and the ratio of 14/15 as judged by NM R of 
the crude reaction mixture and by LC isolation is 3:1, the 
six-membered ring product being favored. The *H (and 13C) 
NMR spectra of 14 and 15 are strikingly similar, each showing 
a 3 H m ultiplet from b 3.8 to 4.6 (a to peroxide), a 1 H  m u lti
plet at 5 2.6 (« to HgBr), and a doublet at b ~1.4 (a-CH3a). The 
structures of 14 and 15 can be unequivocally assigned, how
ever, by double irradiation experiments. Thus, for 14 the CHaa 
methyl doublet (5 1.42) is shown to be coupled w ith the hy
drogen a  to HgBr and for 15 the CH 3a doublet (5 1.30) is cou
pled to a proton a to the peroxide linkage.

Although there are two possible diastereomers of 14 and 15, 
we find only one of the diastereomers for both 14 and 15 as 
products of the cyclization. Further evidence is presented in 
the discussion of bromodemercuration that also suggests that 
the in itia l cyclization led to only one diastereomer of 14 and 
15 (presumably by trans addition).

Comment should be made about the ring size preference for 
cyclization. The preferred formation of five-membered ring 
peroxides from 2,8, and 9 is as expected from the rules of cy
clization as described by Baldwin.7’8 Baldwin suggests that 
the rules for opening three-membered rings to form cyclic 
structures seem to lie between those for tetrahedral and t r i 
gonal systems, generally exo modes being preferred. Thus, 
nucleophilic attack of the hydroperoxide on the mercuri- 
nium-olefin complex should lead to exo cyclization as is ob
served for 2, 8, and 9. The rules for the Hg(II) cyclization of 
10 are less definite, however, and our observation that both 
the 6-exo and 7-endo cyclization products are formed ind i
cates that these cyclization modes are competitive. In this 
regard, we note that electronic effects may well modify any 
predictions for nucleophilic cyclization at electron deficient 
three-membered rings. As previously reported,2 the 5-exo 
preference of acid-catalyzed oxirane-hydroperoxide cycliza
tion may be altered by substituents on the oxirane. 6-Endo

HOO
r s c

o —o

15

product formation, in apparent violation of the rules, can 
dominate for suitably substituted oxiranes.

B r o m o -  a n d  H y d r id o d e m e r c u r a t io n . The four /3-mer
curated cyclic peroxides 11,12,14, and 15 were subjected to 
reaction conditions for conversion to the /3-bromo4 cyclic 
peroxides. Thus, treatment of the /3-mercurated cyclic per
oxides with molecular bromine in methylene chloride leads 
to /3-bromo cyclic peroxides (LC pure) in greater than 74% 
isolated yield. The /3-bromo products derived from 11,14, and 
15 are mixtures of two diastereomers which can be separated 
in each case by LC. Whereas the peroxymercuration reaction 
leads, as expected, to only one diasteromer, the demercuration, 
which proceeds by a radical mechanism, leads to a 1:1 mixture 
of diastereomers.

The example of bromodemercuration of 11 is illustrative. 
11 is assigned the threo structure since the peroxymercuration 
presumably occurs by trans addition.9 Bromodemercuration 
of 11 in methylene chloride leads to 16, a 1:1 mixture of the

16a 16b

threo and erythro /3-bromo peroxides. These diastereomers 
can be separated by LC. When the bromodemercuration is 
carried out in pyridine, one stereoisomer is formed exclusively 
under our conditions. This is in accord with the earlier report10 
that bromodemercuration in pyridine proceeds by retention 
of configuration via a nonradical mechanism. The /3-bromo 
peroxides 17,18, and 19 could be prepared by bromodemer
curation of 12,14, and 15, respectively.

Reaction of compounds 11,12,14, and 15 with basic sodium 
borohydride leads to mixtures of cyclic peroxides and epoxy 
alcohols. When 11 is subjected to hydridodemercuration, for 
example, the peroxide 20 and the epoxy alcohol 24 are formed

20 24

in a 3:1 ratio. Similarly, the alkylmercuri bromides 12,14, and 
15 lead to the cyclic peroxides 21-23 and the epoxy alcohols 
25 and 26.

25

The ratio of peroxide to epoxy alcohol formed is dramati
cally dependent on the structure of the starting /3-mercurated 
peroxide, as is shown in Table I. The conditions of the hydri
dodemercuration are identical for every experiment, and the 
peroxide/epoxy alcohol ratio varies from 20:80 for 14 to 100:0 
for 15. Under the conditions of the reaction, 26, the epoxy al-1



4050 J. Org. Chem., Vol. 43, No. 21,1978 Nixon, Cudd, and Porter

Table I. Products Formed from Sodium Borohydride
Reduction of /3-Mercurated Cyclic Peroxides

peroxide epoxy alcohol
reactant (yield, %) (yield, %)

11 20 ( 7 5 ) 24 ( 2 5 )

12 21(90) 25 (10)
14 22 (<10) 26(90°)
15 23 (100) 26(0°)

0 Yield of epoxy alcohol plus tetrahydrofuran and tetrahy- 
dropyran derived from the epoxide under the hydridodemercu- 
ration conditions.

cohol derived from 14 and 15, partially rearranges to te- 
trahydropyran and tetrahydrofuran products 27 and 28. In 
fact, i f  one attempts to prepare 26 by m-chloroperbenzoic 
epoxidation of the olefin, only 27 and 28 are isolated. The

OH

26 27 28

epoxide 26 can be isolated, however, by neutral epoxidation 
of the olefin w ith HaCVbenzomtrile.11’12

The mechanism for sodium borohydride demercuration has 
been thoroughly investigated,5’13’14 and alkyl radicals are es
tablished intermediates in the reaction. The intermediate 
alkyl radical can abstract hydrogen from a suitable donor 
(R -H g-H  has been suggested as an intermediate14) to yield 
the peroxide. In competition w ith hydrogen abstraction is 
intramolecular radical attack (ShO on the peroxide linkage 
by the alkyl radical, a reaction that ultimately leads to epoxy 
alcohol products as shown for the reaction of 11 in Figure 1.

Two observations support the mechanism presented in 
Figure 1. The percentage yield of peroxide formed is depen
dent on the rate of addition of borohydride to the /3-mercu- 
rated peroxide. Thus, rapid addition of the borohydride so
lution (see Experimental Section) leads reproducibly to the 
product mixtures shown in Table I. I f  borohydride is added 
slowly (10-15-min addition), the epoxy alcohol becomes a 
dominate product in all of the reactions. Thus, when bor
ohydride is added slowly, the in situ concentration of R -Hg-H  
is low and the competing H atom transfer leading to peroxide 
product is slow compared to the Sni pathway leading to epoxy 
alcohol. Rapid addition of borohydride leads to a high in situ 
R -H g-H  concentration and favors the H atom transfer 
pathway that leads to peroxide products.

A second observation eliminates consideration of a mech
anism involving nucleophilic attack of borohydride on the 
peroxide bond followed by alkoxide displacement of bromide. 
This mechanism requires that cis epoxide should be formed 
exclusively from 11. In fact, both cis and trans epoxy alcohols 
24 are formed with the trans product being the major product 
(an observation that is in accord with the radical mechanism). 
Finally, we should note that Bloodworth5 has published a 
detailed description of the reaction of acyclic 0-mercurated 
cyclic peroxides with borohydride, and he has presented 
strong evidence in support of the free-radical mechanism for 
this reaction.

The variation in peroxide product yield is striking. Bor
ohydride reduction of 14 leads to under 10% of the peroxide 
under the best reaction conditions. 15, on the other hand, leads 
only to cyclic peroxide under borohydride reaction. We 
suggest that the peroxide-epoxy alcohol yields shown in Table 
I  may well reflect the ease of Sh Ì radical attack on the cyclic 
peroxide bond. We shall defer a more detailed discussion of 
the implications of these observations vis-à-vis the stereo

Figure 1. R e a c t i o n  o f  11.

chemistry of the Sni and Sh 2 reactions un til a more detailed 
kinetic investigation of this system is concluded.
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Solvents. B u r d i c k  a n d  J a c k s o n  L a b o r a t o r i e s ,  I n c .  ( M u s k e g o n ,  

M i c h . ) ,  “ D i s t i l l e d  in  G l a s s ”  c h r o m a t o g r a p h i c  g r a d e  h e x a n e ,  c h lo r o 
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u s e d  w i t h o u t  f u r t h e r  p u r i f i c a t i o n  f o r  r e a c t i o n s  a n d  c h r o m a t o g r a 

p h y .
Syntheses. T h e  u n s a t u r a t e d  h y d r o p e r o x i d e s  2, 8, a n d  10 w e r e  

p r e p a r e d  a s  p r e v i o u s l y  d e s c r i b e d  b y  t h e  m e t h o d  o f  P o r t e r . 2  2 a n d  8 
w e r e  s y n t h e s iz e d  f r o m  c o m m e r c i a l ly  a v a i l a b l e  a lc o h o ls , 1 5  w h i le  1 0  w a s  

m a d e  f r o m  t h e  a l c o h o l  p r e p a r e d  b y  t h e  p r o c e d u r e  o f  C r o m b i e  a n d  

H a r p e r . 16  £ r a r e s - H e x a - 3 ,5 - d ie n e  1 - h y d r o p e r o x i d e  (9 )  w a s  s y n t h e s i z e d  

b y  t h e  m e t h o d  o f  M o s h e r 1 7  f r o m  t h e  p r e c u r s o r  a l c o h o l ,  trans- H e x a -

3 , 5 - d i e n - l - o l  w a s  p r e p a r e d  b y  L i A l H 4 r e d u c t i o n  o f  m e t h y l  3 ,5 - h e x a -  

d i e n o a t e .  T h e  p r o c e d u r e  f o r  c o n v e r s i o n  o f  t h e  m e s y l a t e  o f  trans - 
h e x a - 3 , 5 - d i e n - l - o l  t o  9 is  g i v e n  b e lo w .

3,5-Hexadiene 1-Hydroperoxide (9). A  4 .4 -g  ( 0 .0 2 5 - m o l)  a m o u n t  

o f  c r u d e  m e s y l a t e  w a s  c o m b i n e d  w i t h  3  m L  o f  H 2 O  a n d  3 0  m L  o f  

m e t h a n o l  a t  a m b i e n t  t e m p e r a t u r e  w i t h  m a g n e t i c  s t i r r i n g .  T h e  s t i r r e d  

s o lu t io n  w a s  c o o le d  t o  0 - 5  ° C ,  f o l lo w e d  b y  t h e  s lo w  d r o p w i s e  a d d i t i o n  

o f  1 6 3  g  ( 0 . 1 0  m o l)  o f  3 0 %  H 2O 2 . A q u e o u s  K O H  ( 5 0 % ; 1 . 5  g , 0 . 0 1 3  m o l)  

w a s  s lo w l y  a d d e d .  T h e  s y s t e m  w a s  f l u s h e d  w i t h  N 2 , b r o u g h t  t o  a m 

b i e n t  t e m p e r a t u r e ,  a n d  s t i r r e d  f o r  1 6  h . A f t e r  1 6  h , t h e  r e a c t io n  v e s s e l  

w a s  im m e r s e d  in  a n  ic e  b a t h  a n d  t a k e n  t o  0 - 5  ° C .  A q u e o u s  K O H  (5 0 % ;

9 .8 9  g , 0 .0 4  m o l)  w a s  s lo w l y  a d d e d ,  a f t e r  w h i c h  t i m e  t h e  s o l u t i o n  w a s  

t r a n s f e r r e d  t o  a  s e p a r a t o r y  f u n n e l  a n d  e x t r a c t e d  w i t h  b e n z e n e .  T h e  

a q u e o u s  p h a s e  w a s  c o o le d  t o  0 - 5  ° C ,  n e u t r a l i z e d  w i t h  c o n c e n t r a t e d  

H C 1 ,  a n d  t h e n  e x t r a c t e d  w i t h  b e n z e n e .  T h e  c o m b i n e d  o r g a n i c  e x 

t r a c t i o n s  w e r e  d r i e d  o v e r  N a 2 S 0 4 , f i l t e r e d ,  a n d  s t r i p p e d  o f  s o l v e n t .  

T h e  h y d r o p e r o x i d e  p r o d u c t  w a s  p u r i f i e d  b y  c h r o m a t o g r a p h y  o n  a  1  

X  3 5  c m  s i l i c a  g e l  c o lu m n ,  6 0 - 2 0 0  m e s h ,  g r a d e  9 5 0 ,  a t  — 1 0  ° C .  A  

h e x a n e / e t h y l  e t h e r  e l u e n t  g r a d i e n t  w a s  e m p lo y e d .  S p e c t r a  o f  t h e  

p u r i f i e d  p r o d u c t  i n d i c a t e d  t h e  p r e s e n c e  o f  a  s i n g le  h y d r o p e r o x i d e  

i s o m e r  ( 0 .5 7  g , a  2 0 %  y i e l d  o f  c h r o m a t o g r a p h e d  p r o d u c t  f r o m  s t a r t i n g  

m e s y la t e ) :  >H  N M R  ( C D C I 3 ) 5 2 . 2 - 2 . 4  ( q , 2  H ) ,  3 .9 —4 .1  ( t , 2  H ) ,  4 . 9 - 5 . 1  

(m , 2  H ) ,  5 . 4 - 5 . 7  (m , 1  H ) ,  S .9 - 6 .4  (m , 2  H ) ;  J h 3,H4 =  1 6  H z  ( t r a n s ) .  T h e  

c o r r e s p o n d i n g  a lc o h o l ,  3 , 5 - h e x a d i e n o l ,  w a s  s u b m i t t e d  f o r  C ,  H  a n a l 

y s i s .  A n a l .  C a l c d  f o r  C(sH io0 2 : C ,  7 3 . 4 9 ;  H ,  1 0 . 2 9 .  F o u n d :  C ,  7 3 . 3 4 ;  H ,

1 0 . 5 9 .

Reaction of Unsaturated Hydroperoxides with Mercuric 
Nitrate. T h e  s y n t h e s i s  o f  3 - ( l - b r o m o m e r c u r i p r o p y l ) - l , 2 - d i o x o l a n e  

(11) f r o m  cis - h e x - 3 - e n e  1 - h y d r o p e r o x i d e  (2) i s  i l l u s t r a t i v e  o f  t h e  c y -  

c l i z a t i o n  p r o c e d u r e  a n d  is  d e s c r i b e d  in  d e t a i l  b e lo w .

threo-3-(l-Bromomercuripropyl)-l,2-dioxolane ( 1 1 ) .  H y 

d r o p e r o x i d e  2 w a s  p u r i f i e d  b y  L C  ( 8  f t  X  %  in , P o r a s i l  A ,  5 %  i s o p r o p y l  

a l c o h o l  in  h e x a n e ,  6 .0  m L  m i n - 1 ) i m m e d i a t e l y  p r i o r  t o  u s e .2  T h e  p u 

r i f i e d  h y d r o p e r o x i d e  ( 0 .2 3 8  g , 2 .0 5  m m o l)  w a s  d i s s o l v e d  in  m e t h y le n e  

c h lo r id e  ( 3 5  m L )  a n d  a d d e d  d r o p w is e  u n d e r  N 2 o v e r  a  1 5 - m i n  p e r i o d  

t o  a  s t i r r e d  s u s p e n s i o n  o f  m e r c u r i c  n i t r a t e  ( 0 .7 3 8  g , 2 . 1 5  m m o l)  in  

m e t h y le n e  c h lo r id e  ( 7 5  m L )  a t  2 2  ° C .  T h e  s u s p e n s i o n  w a s  s t i r r e d  f o r  

1 5  a d d i t i o n a l  m i n u t e s  a f t e r  c o m p l e t i o n  o f  t h e  a d d i t i o n .  H 2 O  ( 8  m L )  

w a s  t h e n  a d d e d ,  f o l lo w e d  b y  t h e  a d d i t i o n  o f  0 .2 5 6  g  ( 2 .2 5  m m o l)  o f  

K B r .  A  w h i t e  p r e c i p i t a t e  i m m e d i a t e l y  a p p e a r e d  u p o n  a d d i t i o n  o f  t h e  

s a l t .  T h i s  p r e c i p i t a t e  u l t i m a t e l y  d i s s o lv e d  in t o  t h e  o r g a n ic  p h a s e  w i t h  

c o n t i n u e d  s t i r r i n g .  T h e  m i x t u r e  w a s  t r a n s f e r r e d  t o  a  s e p a r a t o r y
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Table II. Spectral Data for ß-Mercuribromo Peroxides

y i e l d ,  %  

( L C

c o m p d  p u r e ) XH  N M R ,  <5 1 3 C  N M R ,  p p m

1 . 0 - 1 . 3  ( t ,  3  H ) ,  1 . 8 - 2 . 1  ( p ,  2  H ) ,  2 . 2 - 3 . 1  ( m ,  3  H ) ,  3 . 9 - 4 . 4  ( m ,  2  H ) ,  4 . 6 -  1 6 . 5 3 ,  2 7 . 0 0 ,  4 2 . 1 5 ,  6 5 . 6 6 ,  6 9 .8 0 ,  8 3 .4 9

4 . 9  ( m ,  1  H )

1 . 4 5  ( s ,  3  H ) ,  2 . 2 - 2 . S  ( m ,  4  H ) ,  4 . 0 - 4 . 3  ( m ,  2  H )

1 . 4 2  ( d ,  3  H ) ,  1 . 5 - 2 . 1  ( m ,  4  H ) ,  2 . 6 - 2 . 9  ( q ,  H ) ,  4 . 0 5 - 4 . 3  ( m ,  2  H ) ,  4 . 4 - 4 . 7  

( m ,  1  H )

1 . 3  ( d ,  3  H ) ,  1 . 9 - 2 . 4  ( m ,  4  H ) ,  2 . 6 - 2 . 9  ( m ,  1  H ) ,  3 . 9 - 4 . 8  ( m ,  4  H )

2 . 2 - 2 . 9  ( m ,  4  H ) ,  4 . 0 5 - 4 . 2  ( t ,  2  H ) ,  4 . 4 - 4 . 7  ( q ,  1  H ) ,  5 . 2 - 6 . 1  ( m ,  2  H ) ;  

v i n y l - v i n y l  J  =  1 6  H z

11“ 6 5

12“ 6 8

14° 4 9

15“ 1 6

13“ 5 8

“  S a t i s f a c t c

2 7 . 6 1 ,  4 6 . 5 4 ,  4 8 . 4 9 ,  7 0 . 7 4 ,  8 5 . 5 2  

1 5 . 8 8 ,  2 3 . 9 2 ,  3 0 . 9 0 ,  5 2 . 7 5 ,  7 2 . 8 1 ,  8 5 . 0 3

2 0 . 6 7 ,  2 9 . 2 0 ,  3 2 . 1 2 ,  6 4 . 8 1 ,  7 4 . 3 5 ,  8 3 . 0 4  

3 6 . 7 9 ,  4 1 . 3 4 ,  7 0 . 1 7 ,  8 0 . 7 3 , 1 2 6 . 7 0 , 1 3 3 . 2 0

0 S a t i s f a c t o r y  c o m b u s t i o n  a n a l y t i c a l  d a t a  f o r  C  a n d  H  ( ± 0 . 3 % )  w e r e  p r o v i d e d  f o r  t h e s e  c o m p o u n d s  ( E d . ) .

Table III. Speetral Data for ß-Bromo Cyclic Peroxides

L C

Order
y i e l d ,  o f

c o m p d  %  e l u t i o n ____________________________________ * H  N M R ,  5____________________________________________________ 1 3 C  N M R ,  p p m

16b, 4 0 f i r s t 1 . 1  ( t ,  3  H ) ,  1 . 4 - 2 . 2  ( m ,  2  H ) ,  2 . 5 - 2 . 8  ( m ,  2  H ) .  3 . 8 - ' 4 .2  ( m ,  3  H ) , 1 2 . 3 4 ,  2 7 . 1 3 . 3 8 . 1 7 , 5 7 . 8 3 , 7 0 . 2 5 ,

( e r y t h r o ) 4 . 4 - 4 . 6  ( m ,  1  H) 8 1 . 7 9

16a ( t h r e o ) “ 4 0 l a s t 1 . 0 5  ( t ,  3  H ) ,  1 . 5 - 2 . 3  ( m ,  2  H). 2 . 5 - 2 . 9  ( m ,  2  H ) ,  3 .7 - - 4 . 5  ( m ,  4  H ) 1 1 . 5 3 ,  2 8 . 6 7 , 4 0 .6 4 , 5 9 . 2 1 , 7 0 . 0 1 ,

8 2 . 1 1

17“ 6 7 1 . 5  ( s ,  3  H ) ,  2 . 3 - 2 . 9  ( m ,  3  H ) ,  3 . 5  ( s ,  2  H ) ,  4 . 0 5 - 4 . 1 5 ( m ,  2  H ) 2 2 . 0 9 ,  3 8 . 5 0 , 4 4 . 3 5 , 7 0 . 7 4 . 8 3 . 9 0

18a 3 7 f i r s t 1 . 6 5  ( d ,  3  H ) ,  1 . 8 - 1 . 9  ( m ,  4  H ) ,  3 . 8 - 4 . 1  ( m ,  4  H ) 2 2 . 2 1 ,  2 2 . 9 4 , 2 5 . 4 6 , 4 7 .9 6 , 7 2 . 6 5 ,

( e r y t h r o ) 8 4 . 5 9

18b ( t h r e o ) 3 7 l a s t 1 . 6 5  ( d ,  3  H ) ,  1 . 7 - 1 . 9 5  ( m ,  4  H ) ,  3 . 9 - 4 . 2  ( m ,  4  H ) 2 1 . 6 0 ,  2 3 . 6 3 , 2 5 . 4 2 , 4 7 . 5 9 , 7 2 . 6 9 ,

8 4 . 3 9

19a ( t r a n s ) 3 8 f i r s t 1 . 3  ( d ,  3  H ) ,  1 . 9  ( m ,  2  H ) ,  2 . 2 - 2 . 3  ( m ,  2  H ) ,  3 . 6 - 4 . 4  ( m , 4  H ) 1 9 . 1 3 ,  2 9 . 1 6 , 3 5 . 8 6 , 5 8 . 4 8 , 7 5 . 1 7 ,

8 7 . 1 7

19b ( c i s ) 3 8 l a s t 1 . 2  ( d ,  3  H ) ,  1 . 9  ( m ,  2  H ) ,  2 . 2 - 2 . 3  ( m ,  2  H ) ,  3 . 8 - 4 . 5  (im , 4 H ) 1 7 . 9 1 , 2 4 . 9 3 , 3 2 . 0 4 , 6 0 . 3 4 , 7 4 . 1 5 ,

8 3 . 2 5

“  S e e  T a b l e  I I ,  f o o t n o t e  a.

f u n n e l .  T h e  o r g a n ic  p h a s e  w a s  c o l le c t e d ,  w a s h e d  o n c e  w i t h  w a t e r  ( 1 0  

m L ) ,  d r i e d  o v e r  a n h y d r o u s  s o d i u m  s u l f a t e ,  f i l t e r e d ,  a n d  s t r i p p e d  in  

v a c u o  t o  a  c l e a r  a n d  c o l o r l e s s  o i l .

T h e  p r o d u c t  w a s  t h e n  p u r i f i e d  b y  p r e p a r a t i v e  L C  (8 f t  X %  in , 

P o r a s i l  A ,  9 :9 :2  h e x a n e / c h l o r o f o r m / m e t h y l e n e  c h lo r i d e ,  5 .0  m L  

m i n - 1 ). T h e  e n d o p e r o x i d e  f r a c t i o n  w a s  s t r i p p e d  t o  a  c l e a r  a n d  c o l 

o r l e s s  l i q u i d  ( 6 5 % ) .

T h e  s p e c t r a l  a n d  a n a l y t i c a l  d a t a  o f  t h e  / j - m e r c u r a t e d  c y c l i c  p e r 

o x i d e s  a r e  p r e s e n t e d  in  T a b l e  I I .

Reaction of 3,5-Hexadiene 1-Hydroperoxide with Mercuric 
Nitrate. T h e  p r o c e d u r e  f o r  c y c l i z a t i o n  o f  t h i s  d i e n e  w a s  c h a n g e d  s o  

t h a t  m e r c u r ic  s a l t  w o u ld  n e v e r  b e  in  e x c e s s  t o  t h e  d i e n e .  9  ( 1 1 4  m g , 

1 . 0 0  m m o l)  w a s  s u s p e n d e d  in  3 0  m L  o f  C H 2 C I 2 w i t h  m a g n e t i c  s t i r r i n g  

u n d e r  p o s i t i v e  N 2  p r e s s u r e  a t  a m b i e n t  t e m p e r a t u r e .  S o l i d  H g t N C L ) -  

H o O  ( 3 5 9  m g , 1 . 0 0  m e q u i v )  w a s  a d d e d  w i t h  s t i r r i n g  a s  a  f i n e  p o w d e r  

u n d e r  C H 2C I 2 . A f t e r  s o m e  3 0  m in  o f  s t i r r in g ,  1 0  m L  o f  H iO  w a s  a d d e d  

f o l lo w e d  a t  o n c e  b y  1 1 9 . 0  m g  ( 1 . 0 0  m m o l)  o f  K B r .  A f t e r  v i g o r o u s  

s t i r r i n g ,  t h e  m i x t u r e  w a s  f i l t e r e d  i n t o  a  s e p a r a t o r y  f u n n e l  a n d  t h e  

p h a s e s  w e r e  s e p a r a t e d .  T h e  w a t e r  l a y e r  w a s  w a s h e d  w i t h  C H 2C I 2  ( 5  

m L  X 2 ) .  A l l  C H 2C I 2  p h a s e s  w e r e  c o m b i n e d  o v e r  N a 2 S 0 4 , d r i e d ,  f i l 

t e r e d ,  a n d  s t r i p p e d  o f  s o lv e n t .  T h e  p r o d u c t ,  a  w h i t e  s o l id ,  w a s  p u r i f i e d  
b y  c o lu m n  c h r o m a t o g r a p h y ;  a  1  X 3 5  c m  s i l i c a  g e l  c o lu m n ,  6 0 - 2 0 0  

m e s h ,  g r a d e  9 5 0 ,  a t  1 0  ° C  w a s  e m p lo y e d .  E l u t i o n  w a s  a f f e c t e d  w i t h  

a  h e x a n e / C H 2C l 2 s o l v e n t  g r a d i e n t .  S p e c t r a  o f  t h e  p u r i f i e d  p r o d u c t  

r e v e a l e d  t h e  p r e s e n c e  o f  a  s in g le  e n d o p e r o x i d e  m e r c u r ic  b r o m id e ,  2 2 8  

m g  ( 5 8 % ) , f r o m  s t a r t i n g  h y d r o p e r o x i d e .

Bromodemercuration. T h e  t y p i c a l  p r o c e d u r e  f o r  b r o m o d e m e r -  

c u r a t i o n  is  p r e s e n t e d  b e lo w  f o r  3 - ( l - b r o m o m e r c u r i p r o p y l ) - l , 2 -  

d i o x o l a n e  ( 1 1 ).

3-(l-Bromopropyl)-l,2-dioxolane (16). T h e  e n d o p e r o x i d e  11 
( 0 . 1 3 5  g , 0 .3 4  m m o l)  w a s  d i s s o l v e d  in  5  m L  o f  m e t h y le n e  c h lo r id e  a n d  

t h e n  a d d e d  d r o p w i s e  o v e r  a  1 5 - m i n  p e r i o d  t o  a  m a g n e t i c a l l y  s t i r r e d  

s o lu t io n  o f  B r 2  ( 0 . 16 4  g , 1 . 0  m m o l)  in  m e t h y le n e  c h lo r id e  (5  m L )  u n d e r  

N 2 in  s u b d u e d  l ig h t in g .  T h e  s o l v e n t  a n d  e x c e s s  b r o m in e  w e r e  r e m o v e d  

in  v a c u o  a f t e r  4  h  o f  s t i r r i n g .  T h e  r e s u l t i n g  r e s i d u e  w a s  e x t r a c t e d  w i t h  

p e t r o l e u m  e t h e r  ( 3 0  m L )  a n d  d r i e d  o v e r  a n h y d r o u s  s o d i u m  s u l f a t e .  

T h e  s o l u t i o n  w a s  f i l t e r e d  a n d  s t r i p p e d  t o  a  p a l e - y e l l o w  o i l .  T h e  

p r o d u c t  w a s  p u r i f i e d  b y  p r e p a r a t i v e  L C  ( 8  f t  X 3 8  in , P o r a s i l  A ,  3 %  

is o p r o p y l  a lc o h o l  in  h e x a n e ,  6 .0  m L  m i n - 1 ). T w o  s t e r e o i s o m e r s  ( th r e o

a n d  e r y t h r o )  o f  e q u a l  y i e l d  w e r e  c o l l e c t e d .  A n a l ,  ( f o r  t h e  m i x t u r e  o f  

t h r e o  a n d  e r y t h r o  i s o m e r s )  C a l c d  f o r  C g H n C L B r :  C ,  3 6 .9 6 ;  H ,  5 .6 5 .  

F o u n d :  C ,  3 6 .8 4 ;  H ,  5 . 7 1 .

T h e  a s s ig n m e n t  o f  t h e  m o r e  p o l a r  d i a s t e r e o m e r  a s  t h e  s t e r e o i s o m e r  

16a ( t h r e o  c o n f i g u r a t i o n )  w a s  b a s e d  o n  t h e  r e s u l t s  o f  b r o m o d e m e r 

c u r a t i o n  p e r f o r m e d  in  p y r i d i n e  a s  d e s c r i b e d  la t e r .

T h e  s p e c t r a l  d a t a  fo r  t h e  /3 -b r o m o  p e r o x id e s  a r e  p r e s e n t e d  in  T a b l e
I I I .

Bromodemercuration in Pyridine. T h e  p r e f e r e n t i a l  f o r m a t i o n  

o f  t h e  b r o m o  e n d o p e r o x i d e s  w i t h  r e t a i n e d  c o n f i g u r a t i o n  w a s  p e r 

f o r m e d  b y  t h e  p r o c e d u r e  d e s c r i b e d  h e r e  in  d e t a i l  f o r  e n d o p e r o x i d e
14.

Reaction of erythro-3-(l-Bromomercuriethyl)-l,2-dioxane 
(14) with Bromine in Pyridine. 14 ( 0 . 1 6 3  g , 4 . 1 2  m m o l)  w a s  d i s s o lv e d  

in  1 2  m L  o f  p y r i d i n e .  B r 2 ( 0 .0 9 8  g , 6 . 1 5  m m o l)  w a s  a d d e d  t o  p y r i d i n e  

( 2 .5  m L ) ,  w h ic h  w a s  t h e n  a d d e d  d r o p w i s e  o v e r  a  5 - m i n  p e r i o d  t o  t h e  

m a g n e t i c a l l y  s t i r r e d  e n d o p e r o x i d e  s o lu t io n .  T h e  m i x t u r e  w a s  s t i r r e d  

in  s u b d u e d  l i g h t i n g  f o r  2 0  h . D i e t h y l  e t h e r  ( 1 5 0  m L )  w a s  t h e n  a d d e d  

t o  t h e  r e a c t io n  m ix t u r e .  T h e  r e s u l t i n g  s o l u t i o n  w a s  w a s h e d  t w ic e  w i t h  

a  t o t a l  o f  1 0 0  m L  o f  1 0 %  H C 1 .  T h e  a c i d  w a s h e s  w e r e  e x t r a c t e d  o n c e  

w i t h  1 0 0  m L  o f  d i e t h y l  e t h e r .  T h e  e t h e r  f r a c t i o n s  w e r e  c o m b in e d  a n d  

w a s h e d  o n c e  m o r e  w i t h  2 5  m L  o f  1 0 %  H C 1  f o l l o w e d  b y  a  2 5 - m L  w a s h  

w i t h  a  s a t u r a t e d  s o d i u m  b ic a r b o n a t e  s o lu t io n .  T h e  e t h e r  s o lu t io n  w a s  

t h e n  d r ie d  o v e r  a n h y d r o u s  s o d i u m  s u l f a t e .  T h e  d r ie d  e t h e r  w a s  f i l t e r e d  

a n d  s t r i p p e d  t o  a  c l e a r ,  c o l o r l e s s  v i s c o u s  o i l  ( 0 .0 7  g, 8 8 %  c r u d e ) .  T h e  

p r o t o n  N M R  s p e c t r u m  o f  t h e  p r o d u c t  w a s  id e n t ic a l  w i t h o u t  e x c e p t i o n  

w i t h  t h a t  o f  t h e  le s s  p o l a r  d i a s t e r e o m e r ,  t h e  e r y t h r o  i s o m e r  18a. T h e  

N M R  s p e c t r u m  d id  n o t  in d ic a t e  t h e  p r e s e n c e  o f  a n y  o f  s t e r e o i s o m e r ic  

t h r e o  c o m p o u n d  18b.
Hydridodemercuration. T h e  t y p i c a l  p r o c e d u r e  f o r  h y d r i d o -  

d e m e r c u r a t i o n  is  p r e s e n t e d  b e lo w  in  d e t a i l  f o r  3 - ( l - b r o m o m e r c u r i -  

p r o p y l ) - l , 2 - d i o x o l a n e  ( 1 1 ).

3-Propyl-l,2-dioxolane (20). T h e  e n d o p e r o x i d e  11 ( 0 .7 0 4  g , 1 . 7 8  

m m o l)  w a s  d i s s o lv e d  in  6  m L  o f  m e t h y le n e  c h lo r id e  a n d  1 5  m L  o f  H 2O . 

S o d i u m  b o r o h y d r i d e  ( 5 5  m g ,  1 . 4 6  m m o l)  w a s  d i s s o l v e d  in  5 . 5  m L  o f  

2  N  N a O H  a n d  t r a n s f e r r e d  t o  a  1 0 - m L  s y r i n g e  w h ic h  w a s  t h e n  c o o le d  

in  a n  ic e  b a t h .  T h e  e n d o p e r o x i d e  s o l u t i o n  w a s  c o o le d  t o  —2  ° C  a n d  

s t i r r e d  v i g o r o u s l y  u n d e r  a  n i t r o g e n  a t m o s p h e r e .  T h e  b a s i c  b o r o h y 

d r i d e  s o l u t i o n  w a s  a d d e d  t o  t h e  e n d o p e r o x i d e  s o l u t i o n  o v e r  a  1 5 - s
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Table IV. NMR Spectral Data for Cyclic Peroxides
c o m p d ' H ,  ò 13C, ppm

20 0 . 9 5  ( t ,  3 H Ì ,  1 . 3 - 1 . 5 ( m , 4 H ) ,

2 . 0 - 2 . 3  ( m ,  1  H ) ,  2 . 5  2 .8  ( m ,  1  

H ) ,  4 . 0 - 4 . 2  ( m ,  3  H )

21 “  1 . 3  ( s ,  6  H ) ,  2 . 3  ( t ,  2  H ) ,  4 . 0  ( 5 ,  2

H )

2 2  0 . 9 5  ( t ,  3  H ) ,  1 . 4 - 2 . 0  ( m ,  4  H ) .

3 . 9 - 4 . 2  ( m ,  2  H )

2 3 “  1 . 1  ( d , 3 H ) ,  1 . 5 - 1 . 9  ( m ,  6  H ) ,  3 . 8 -

4 . 2  ( m ,  3  H )

1 4 . 0 4 , 1 9 . 7 0 ,  3 5 . 7 3 ,  

4 0 . 7 7 ,  6 9 .6 6 ,  

8 0 .3 6

2 5 . 8 3 ,  4 7 . 0 2 ,  7 0 . 0 9 ,  

8 2 . 1 1

1 9 . 4 1 ,  2 2 . 5 0 ,  3 0 . 6 2 ,  

3 7 . 5 2 ,  7 5 . 2 9 ,  

8 0 . 5 7

“  S e e  T a b l e  I I ,  f o o t n o t e  a.

p e r i o d  fo l lo w e d  b y  s t i r r in g  f o r  a n  a d d i t io n a l  4  m in .  M e t h y l e n e  c h lo r id e  

( 7 5  m L )  w a s  t h e n  a d d e d ,  a n d  t h e  r e s u l t i n g  m i x t u r e  w a s  i m m e d i a t e l y  

f i l t e r e d  i n t o  a  s e p a r a t o r y  f u n n e l .  T h e  o r g a n i c  l a y e r  w a s  c o l l e c t e d ,  

w a s h e d  o n c e  w i t h  I T O  ( 1 5  m L ) ,  a n d  d r i e d  o v e r  a n h y d r o u s  s o d i u m  

s u l f a t e .  T h e  d r i e d  s o lu t io n  w a s  t h e n  f i l t e r e d  a n d  t h e  s o l v e n t  r e m o v e d  

o n  a  r o t a r y  e v a p o r a t o r  w it h  a  b a t h  t e m p e r a t u r e  o f  0  ° C .  T h e  r e c o v e r e d  

l iq u id ,  c le a r  a n d  c o lo r le s s ,  w a s  c h r o m a t o g r a p h e d  in  a  j a c k e t e d  c o lu m n  

a t  - 2 0  ° C  o n  1 5  g  o f  s i l i c a  g e l  ( p e n t a n e / m e t h y l e n e  c h lo r i d e ) ,  y i e l d  

0 . 1 1 1  g  ( 5 5 % ) . 18

T h e  s p e c t r a l  d a t a  f o r  t h e  c y c l i c  p e r o x i d e s  a r e  p r e s e n t e d  in  T a b l e

IV.

Registry No.—2, 6 0 6 5 3 - 7 1 - 6 ;  8 , 5 5 1 7 5 - 9 1 - 2 ;  9, 6 7 3 9 3 - 8 1 - 1 ;  10, 
6 0 6 5 3 - 7 0 - 5 ;  11, 6 7 3 9 3 - 6 5 - 1 ;  12, 6 7 3 9 3 - 6 6 - 2 ;  13, 6 7 3 9 3 - 8 2 - 2 ;  14,

6 7 3 9 3 - 6 7 - 3 ;  15, 6 7 3 9 3 - 6 8 - 4 ;  16a, 6 7 3 9 3 - 7 5 - 3 ;  16b, 6 7 3 9 3 - 7 4 - 2 ;  17, 
6 7 3 9 3 - 7 6 - 4 ;  18a, 6 7 3 9 3 - 7 7 - 5 ;  18b, 6 7 3 9 3 - 7 8 - 6 ;  19a, 6 7 3 9 3 - 7 9 - 7 ;  19b, 
6 7 3 9 3 - 8 0 - 0 ;  20, 6 7 3 9 3 - 6 9 - 5 ;  21, 6 7 3 9 3 - 7 0 - 8 ;  22, 6 7 3 9 3 - 7 1 - 9 ;  23, 
6 7 3 9 3 - 7 2 - 0 ;  cis- 24,6 7 3 9 3 - 8 3 - 3 ;  trans- 24, 6 7 3 9 3 - 8 4 - 4 ;  25, 5 9 9 5 4 - 6 7 - 5 ;  

26, 6 7 3 9 3 - 7 3 - 1 ;  trans- h e x a - 3 , 5 - d i e n - l - o l  m e s y l a t e ,  6 7 3 9 3 - 8 5 - 5 .
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T h e  i m p o r t a n c e  o f  s e c o n d a r y  o r b i t a l  i n t e r a c t i o n s  in  c o n t r o l l i n g  r e g i o c h e m i s t r y  in  t h e  D i e l s - A l d e r  r e a c t i o n  h a s  

b e e n  a s s e s s e d  b y  d e t e r m i n i n g  t h e  c o m p o s i t i o n  o f  t h e  a d d u c t  m i x t u r e  f o r m e d  b y  t h e  r e a c t i o n  o f  ( Z ) - l - ( p h e n y l t h i o ) -  

2 - m e t h o x y -  1 , 3 - b u t a d i e n e  w i t h  a c r y l o n i t r i l e .  A l l  f o u r  p o s s i b le  r e g io -  a n d  s t e r e o i s o m e r s  w e r e  s e p a r a t e d  b y  h i g h - p r e s 

s u r e  l i q u i d  c h r o m a t o g r a p h y  a n d  t h e i r  s t r u c t u r e s  a n d  a p p r o x i m a t e  c o n f o r m a t i o n a l  p r e f e r e n c e s  w e r e  d e t e r m i n e d  

b y  2 5 0 - M H z  p r o t o n  m a g n e t i c  r e s o n a n c e  s p e c t r o s c o p y .  I t  w a s  a l s o  d e t e r m i n e d  t h a t  t h e  p r o d u c t  c o m p o s i t i o n  r e 

m a i n s  i n v a r i a n t  w i t h  t im e  u n d e r  t h e  r e a c t i o n  c o n d i t i o n s .  A s  p r e d i c t e d  b y  f r o n t i e r  m o l e c u l a r  o r b i t a l  t h e o r y ,  t h e  r a t i o  

o f  o r t h o  ( p h e n y l t h i o  a n d  c y a n o  g r o u p s )  t o  m e t a  r e g i o i s o m e r s  is  g r e a t e r  ( t h r e e  t o  f o u r  t im e s )  in  t h e  ( c is )  p r o d u c t s  

o f  e n d o  a d d i t i o n  t h a n  in  t h e  ( t r a n s )  p r o d u c t s  o f  e x o  a d d i t i o n ,  t h u s  i n d i c a t i n g  t h a t  s e c o n d a r y  o r b i t a l  i n t e r a c t i o n s ,  

w h ic h  c a n  o n l y  o c c u r  in  t h e  t r a n s i t i o n  s t a t e s  f o r  e n d o  a d d i t i o n ,  p l a y  a  s u b s t a n t i a l  r o le  in  c o n t r o l l i n g  r e g i o c h e m i s 

t r y .

The origin of the regioselectivity, which is so crucial to 
the magnificent synthetic u tility  of the Diels-Alder reaction, 
has intrigued organic chemists since the discovery of the re
action by Diels and Alder.2 Of the many theories which have 
been proposed to explain this regioselectivity, the frontier 
molecular orbital (FMO) approach has been the most suc
cessful. In  the application of FMO theory, several investiga

tors3-6 have used just the primary orbital interactions to 
predict the preferred regioisomer; however, we have observed 
numerous cases in which this approach failed to predict the 
regioselectivity that was observed.7 In these cases the pre
ferred regioisomer can be predicted by including secondary 
orbital interactions8 in the theory.

An obvious test of the influence of secondary orbital in-

0022-3263/78/1943-4052$01.00/0 © 1978 American Chemical Society
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Figure 1. CNDO/2 frontier molecular orbital interaction diagram for 
the Diels-Alder reaction between l-(phenylthio)-2-methoxy-l,3- 
butadiene and acrylonitrile.

teractions would involve determining the relationship of 
stereoselectivity to regioselectivity in a Diels-Alder reaction 
which produces all four possible isomers and in which a dif
ferent regioselectivity is predicted for the exo and endo 
transition states. Before the advent of high-performance 
chromatographic techniques and nuclear magnetic resonance 
instruments utilizing superconducting magnets, this would 
have been a formidable if not an impossible task. Indeed, even 
reported yields for one or two major products frequently have 
been of questionable validity due to the extensive purification 
procedures that have been required or to the undetermined 
purities of these products.9 In the words of Inukai and Koji- 
ma,10 “ many of the reported isomer ratios are suspect or at 
best only semiquantitative.” Furthermore, experiments de
signed to determine whether the products decompose to un
known materials or revert to reactants (therefore resulting in 
products of thermodynamic rather than kinetic control) have 
only rarely been performed.

Because none of the published data of which we are aware 
are appropriate for such a test of secondary orbital interac
tions,13 we initiated a study of the reaction of the readily ob
tainable (Z)-l-(phenylthio)-2-methoxy-l,3-butadiene ( l )11-12 
with acrylonitrile. We have previously shown70 that secondary 
orbital interactions are expected to have a significant effect 
on the regiochemistry of addition of this diene to methyl vinyl 
ketone, and as predicted the product is exclusively that of 
endo addition (cis) with the phenylthio group vicinally ori
ented with respect to the acetyl group.11 In order to provide 
for weaker secondary orbital interactions in the transition 
state and thus to promote the formation of the other possible 
isomeric products, the weaker dienophile acrylonitrile was 
chosen.

Results and Discussion
Theoretical Expectations. CNDO/2 calculations14 predict 

that the energy separation between the highest occupied 
molecular orbital (HOMO) of the diene and the lowest unoc
cupied molecular orbital (LUMO) of the dienophile is con
siderably smaller than the energy separation between the 
LUMO of the diene and the HOMO of the dienophile. Thus, 
the principal stabilization of the transition state will result 
from the former MO interaction, and the latter is usually ne
glected in such cases.3-7’15 However, because of the large dif
ference in the magnitudes of the primary orbital coefficients

of the diene LUMO, the latter MO interaction does signifi
cantly affect the regioselectivity and can not be neglected in 
this case (Figure 1).

Using CNDO/2 frontier molecular orbital energies and 
coefficients, the stabilization energies for the two regioisomeric 
transition states have been calculated from eq 1 in both the 
endo and the exo modes of addition of the dienophile to the 
diene.16-17 In this equation the 7 ’s are the atomic orbital

2 c rc s 7 r s )  ”  2 / 5Z c rc s7rs ')
. g ,  _  x rs__________/ ______ \ rs /

~ £ rHOMO _  £ sLUMO +  £ sHOMO _  £ rLUMO

orbital transition state resonance integrals for the p2 carbon 
atomic orbitals. The c /s  and cs’s are the coefficients of the 
atomic orbitals which have a bonding interaction in the 
transition state. The ET’s and Es’s are the energies of the in
teracting molecular orbitals. The resonance integrals for the 
primary orbital interactions and the secondary orbital inter
actions were assigned values of 7 and 2.8 eV, respectively. The 
value of 7 eV for the resonance integral of the primary orbital 
interactions was derived from the concerted transition state 
that ab initio calculations17 predicted for the cycloaddition 
of ethylene to butadiene along with consideration for the 
narrowing of the FMO energy separation in the transition 
state and a larger than experimental CNDO/2 energy sepa
ration between the interacting MO’s. The resonance integral 
for the secondary orbital interactions was assigned a smaller 
value because the geometry of the transition state favors the 
overlap between the primary orbitals at the expense of the 
secondary orbital overlap. These values have been used with 
CNDO/2 FMO energies and coefficients to predict the pre
ferred regioisomer in approximately 100 examples of the 
Diels-Alder reaction.70

In the endo addition, which includes both the primary and 
secondary orbital interactions, the energy difference between 
the regioisomeric transition states was 5.4 kcal/mol in favor 
of the ortho regioisomer (2) (in which the phenylthio and ni
trile groups are on adjacent carbon atoms). In the exo addition, 
which has no secondary orbital interactions, the ortho re
gioisomer (4) was favored again, but only by 0.6 kcal/mol. 
Consequently, our theory predicts less regioselectivity in the 
exo addition than in the endo addition.18 If only the primary 
orbital interactions are considered, the same regioselectivity 
is predicted for both stereochemical modes of addition.

exo adducts

Experimental Findings. Early attempts to perform the 
reaction of l-lphenylthio)-2-methoxy-l,3-butadiene (1) with 
acrylonitrile, either neat or in methanol at 125 °C, in the 
presence of £ mol % of the free radical inhibitor, 3-tert- 
butyl-4-hydroxy-5-methylphenyl sulfide (to prevent poly
merization of the reactants), resulted in yields in the vicinity 
of 25%. One reason for the low yields is that the Z diene
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isomerizes fairly readily to the more stable E diene.12 A sample 
of the latter was prepared by heating the Z isomer in meth
ylene chloride and removing the small quantity of unisom- 
erized Z diene as its Diels-Alder adduct with methyl vinyl 
ketone; as expected, the reaction of the E isomer with acry
lonitrile was far slower than that of the Z isomer and the re
action yields a mixture which includes only a small proportion 
of Diels-Alder adducts. The rate of this isomerization was 
reduced and the yield of purified (see below) adducts thus 
increased to 39-45% by the inclusion of diisopropylethylamine 
in the reaction medium; the reaction was performed at 110 °C 
for 44 h. The rate of isomerization was further reduced and 
the yield of adducts increased to 69% when, in addition, a si- 
lanized reaction vessel was used.

The adducts could be separated from unreacted diene by 
gravity chromatography on silica gel using benzene as eluent. 
Gas chromatography of the adduct mixture was not capable 
of separating all four isomers, but it appeared to reveal two 
isomers in a ratio of ca. 2:1; lesser components were apparently 
present, but the areas of the minor peaks (and to some extent 
of the major ones as well) were found to depend on the GLC 
conditions due to a minor degree of decomposition in the in
jection port. It thus became evident that GLC could not be 
used to completely analyze the reaction mixture. The two 
major products (but not the minor ones) could be isolated in 
pure form by gravity chromatography on silica using 1:5 ethyl 
acetate-hexane as eluent. The spectroscopic analyses of these 
two isomers were performed on samples obtained by this 
procedure.

The quantitative determination of all four adducts and 
isolation of the two minor isomers required the use of high- 
pressure liquid chromatography. All four adducts exhibited 
correct elemental composition data,19 and all had 15-eV mass 
spectra which exhibited a parent peak of m/e 245, a base peak 
in which the elements of thiophenol had been lost, and other 
expected fragments (see Experimental Section). Unequivocal 
structural assignments were made on the basis of the 250-mHz 
1H NMR spectra in deuteriochloroform.

The major isomer exhibited peaks at & 1.934-2.259 (m, H3a', 
Use'. H4a, andH4e, 4 H), 2.971 (m, H5, 1 H), 3.517 (d, = 4.6
Hz, H6, 1 H), 3.551 (s, CH;i, 3 H), 4.621 (m, four peaks with 
shoulders, H2, 1 H), and 7.23-7.77 (m, aromatic H, 5 H). Upon 
irradiation at the frequency of Hg, the peak for H5 at 6 2.971 
narrowed slightly and changed its splitting pattern to a dou
blet of doublets (J4,5 trans = 9.6 Hz and J 4i5 cj9 = 3.9 Hz) and 
the peak for H2 at 5 4.621 very slightly narrowed and changed 
shape, indicating slight allylic coupling between H2 and H6. 
The chemical shift and especially the coupling pattern of Hg 
clearly establish that it is on a carbon atom adjacent to that 
bearing the methoxyl group, while the decoupling experiment 
establishes that the nitrile and phenylthio functions are on 
adjacent carbon atoms. The stereochemistry is defined as cis 
(structure 2) by the coupling constants and J 4j5 trans-20,21 
The spectrum is consistent with that11 of the sole adduct 
(ortho, cis) of the same diene with methyl vinyl ketone; as 
expected, the acetyl group, being considerably bulkier than 
the nitrile function, assumes a more nearly completely, 
probably totally, equatorial conformation as indicated by the 
value of 13 Hz for J 4 i5  trans and 2.5 Hz for J 4>5 cis-24,25 Assuming 
a value of 13.024 and 4.9 Hz,21 respectively, for J4a>5a and J 4e,5 e, 
the value of J 4 g trans (9.6 Hz) for 2 indicates that this adduct 
exists to the extent of ca. 58% in conformation 2A.

The second most prevalent adduct showed & 1.828 (broad 
m, H4a, 1 H), 2.120-2.235 (m, H3e< or H3a- and H4e, 2 H), 2.373 
(m, £</ = 33.5 Hz, H3e- or H3a-, 1 H), 2.935 (m, H5, 1 H), 3.565 
(s, CH3, 3 H), 3.750 (m, width at half-height = 5 Hz, H6, 1 H), 
4.792 (t, width at half-height = 10 Hz, H2, 1 H), and 7.15-7.43 
(m, aromatic H, 5 H). Upon irradiation of the sample at the 
frequency of H6, the H5 peak at 6 2.935 perceptibly narrowed

3A
and appeared as a triplet (J4 5 cjs J 4 5 ~  3.5 Hz). None of 
the other peaks changed shape noticeably during this de
coupling experiment. Upon irradiation at the frequency of H5, 
the peak at 6 3.750 narrowed somewhat and changed shape. 
The chemical shift of Hg and the fact that irradiation at its 
frequency did not noticeably perturb the peak of the vinyl 
hydrogen place the phenylthio group on the allylic carbon 
atom (Cg) adjacent to that bearing the methoxy group. The 
decoupling experiments place the nitrile group on the other 
adjacent carbon atom (C5). The narrow peak width due to Hg 
and the small value of J 4ig (3.5 Hz) clearly establish the con
formation very predominantly as 4A in which the substituents 
are axial and quasiaxial.

One of the two very minor products exhibited 5 2.074 (ddd, 
<7.5,5 = 13.4 Hz, J 4,5 trans = H-7 Hz, J 5>6 cis = 4.2 Hz, H5a, 1 H), 
2.185 (m, H5e, 1 H), 2.350 (ddd, J3i3 = 16.7 Hz, J3 4 trans = 10.7 
Hz, J2,3a- = 2.9 Hz, H3a-, 1 H), 2.534 (d of t, J 3,3 = 16.7 Hz, 
J 3,4 ds = 5-4 Hz, J 2,3e' = 5.4 Hz, H3e-, 1 H), 3.112 (12 line m, 
dA,5 trans — H-7 Hz, e/ 3(4 trans = 10-7 Hz, J3 4 cjs = 5.4 Hz, J45 (4s 
= 3.4 Hz, H4, 1 H), 3.533 (s, CH3, 3 H), 3.655 (dd, J 5,6 cis ^  
*̂ 5,6 trans — 4Hz, Hg, 1 H), 4.630 (dd, c/2,3e' = 5-4 Hz, J 2,3a' = 2.9
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Hz, H2, 1 H), 7.260 (m, meta and para aromatic H, 3 H), and 
7.420 (dd, ortho aromatic, 2 H). The similarity of the chemical 
shift of H6 to those of the corresponding protons of 2 and 4 
makes it appear very likely that this proton is on an allylic 
carbon atom which is attached to both the phenylthio group 
and the vinyl carbon atom bearing the methoxyl group. The 
chemical shifts of the protons on C3 and, particularly, the 
nature of their coupling to H2, to H4, and to each other clearly 
indicate that C3 is the other, and unsubstituted, allylic carbon 
atom and that it is adjacent to the carbon atom bearing the 
nitrile function. The large magnitude of the two vicinal cou
plings of H4 requires that the latter be predominantly axial. 
Finally, the coupling pattern of the protons on C5 indicates 
that it is unsubstituted and flanked by one predominantly 
axial and one predominantly equatorial vicinal proton. Thus, 
the structure is clearly 5 and, using the assumptions discussed 
for 2 above, approximately 84% of this material is in confor
mation 5A.

The second very minor product showed <5 1 .9 6 3  (ddd, J5i5 
=  1 3 .2  Hz, e /4 ,5  trans =  1 2 .1  Hz, J 5 6  trans =  1 0 .4  Hz, H5a, 1 H), 
2 .2 3 3 - 2 .4 5 9  (m, H:)a<, H3e', and Hse, 3  H), 2 .5 5 9  (1 5  line mul- 
tiplet, c/ 4>5  trans — 12 .1  Hz, 4 \\\ trans — 1 0 .5  Hz, J ; 4  cjs — 4 .8  Hz, 
J 4 5  cis = 3 .1  Hz, H4, 1 H), 3 .5 5 0  (s, CH3, 3  H), 3 .6 6 4  (broad m, 
H6, 1 H), 4 .6 4 3  (dd, = 5 .1  Hz, J2M = 2 .1  Hz, H2, 1 H), 
7 .2 4 4  (m, meta and para aromatic H, 3 H), 7 .4 0 0  (dd, ortho 
aromatic H, 2 H). Upon irradiation at the frequency of H5a, 
the multiplet at <5 2 .2 3 3 - 2 .4 5 9  narrowed and exhibited less 
peaks, the 1 5  line multiplet at b 2 .5 5 9  for the proton a to the 
nitrile function narrowed and simplified to an 8 line multiplet, 
and the broad peak for the proton on the sulfur-bearing car
bon atom at b 3 .6 6 4  narrowed considerably. The structure is 
thus clearly 3 and, according to the value (1 2 .1  Hz) of Jir> trans, 
it is approximately 8 9 %  in conformation 3A.

In order to ascertain the yields of the four adducts and to 
provide evidence concerning the stability of the products to 
the reaction conditions, a mixture of diene, excess acryloni
trile, diisopropylethylamine, and a small quantity of the 
radical inhibitor was divided into several silanized ampules 
which were sealed in an argon atmosphere and heated at 110 
°C for lengths of time from 1 to 40 h. The percent conversion 
of diene to adducts in an ampule could be determined either 
by weighing the unreacted diene and the adducts after sepa
ration of the two fractions on preparative thin-layer chro
matography (TLC) or by estimating the composition of the 
diene-adduct mixture by analytical LC using calibrated re
sponse factors. In this way, it was determined that at the end 
of 1 and 40 h, respectively, 36 and 68% of the diene had been 
converted to adducts. The incomplete conversion to adducts 
in the 40-h run was undoubtedly due to isomerization of the 
Z diene to the far less reactive E isomer, a process which is 
competitive with the addition. The recovered diene (32% of 
that charged) from the 40-h ampule was almost certainly (see 
above) of the E configuration. Since the 1-h reaction had al
ready proceeded to a moderate extent, only the 1-h and 40-h 
samples were analyzed in the most rigorous fashion on the 
high-pressure analytical liquid chromatographic assembly in 
order to determine the relative yields of the four adducts both 
early and at the end of the reaction. In addition, the contents 
of each ampule were submitted to preparative thin-layer 
chromatography to separate the adducts, diene, and radical 
scavenger; the dienes and adduct mixtures were weighed, and 
the latter from each of the 2-, 4-, 8-, and 40-h ampules was 
separated into its four components in the preparative LC as
sembly. The percent compositions in the 1-h and 40-h runs, 
as determined by integration of the liquid chromatograms, 
and the compositions determined by isolation (upon separa
tion by preparative LC) of the combined samples from the 2-,
4-, 8-, and 40-h experiments are compared in Table I.

The differences between the compositions at the end of 1

no.

2

3

4

5

Table I. Adduct Composition

adduct

M eO  T  ON  

SPh

M eO

C N

SPh

M eO  T  C N  

SPh
, , C N

M eO

SPh

______% composition_____
1 h 40 h isolated

61 6 4  62

5 .6  5 .7  5 .4

27 22  25

6.8 8.1 6.8

and 40 h are considered to be within experimental error, and 
the adducts therefore appear to be stable to the reaction 
conditions and almost certainly are the kinetic products. This 
conclusion is also consistent with the finding, made before the 
LC technique was developed, that the major product (2), when 
treated under the reaction conditions for 46 h, undergoes no 
isomerization to the next most prevalent adduct, 4, its exo 
counterpart. Confidence in the reliability of the data is en
hanced by the gratifying correspondence between the product 
compositions as determined by integration of the detector 
responses and those obtained upon isolation.

The predictions made assuming a role for secondary orbital 
interactions in the control of regiochemistry are seen to be 
qualitatively valid. The ratio of ortho to meta product (2/3) 
generated in the endo transition state is three to four times 
greater than the same regioisomeric ratio (4/5) generated in 
the exo transition state. As indicated above, these ratios 
should be approximately equal in the absence of secondary 
orbital interactions: yield ratio of endo adducts 2/3 = 11; yield 
ratio of exo adducts 4/5 = 3.4.

With regard to the preferred conformations of these ad
ducts, it should be recognized that the percentages given are 
only fairly crude approximations of the true values because 
coupling constants vary with changes in dihedral angles, which 
may be substitutent sensitive. Nevertheless, there can be little 
doubt that the equilibria lie far in favor of 3A, 4A, and 5A and 
that in the case of 2, there is no great preference for 2 A  or its 
ring inverted conformational isomer. Conformation 3A is, of 
course, simple to rationalize since the substituents are oriented 
in an equatorial and quasiequatorial fashion. Although the 
A29 value of phenylthio is presumably far larger than that of 
cyano27 and the corresponding value (E4)29 for the latter group 
in the 4 position of a cyclohexene is about 0,25c’26c>3° the 
phenylthio group assumes the quasiaxial orientation partially 
in 2 and substantially in 5; however, it is clear that the pref
erence of substituents for the quasiequatorial position on a 
cyclohexene ring is far less than that for the equatorial position 
on a cyclohexane ring,20 and the interactions between the 
phenylthio group and the other substituents on the rings in 
all of the half-chair conformations are difficult to evaluate. 
Many of the same factors are probably responsible for the very 
predominant axial-quasiaxial conformation of 4A with the 
added and probably decisive factor of a strong vicinal repul
sion that must occur between the cyano and phenylthio groups 
when they are equatorial-quasiequatorial.

Experimental Section
Analytical Procedure. The analytical high-pressure liquid 

chromatography was performed on a Dupont Model 830 instrument
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utilizing ultraviolet (254 nm) detection. Two 25 cm X 4 mm columns, 
in series, packed with Partisil 10 were used; the theoretical plate count 
was about 9000. All four adducts could be estimated quantitatively 
on a very small drop of the crude concentrated reaction mixture when 
a solution of 15% ethyl acetate-85% hexane was used as eluent at a 
flow rate of 1.5 mL/min at 600 psi.

The preparative LC was performed on a Waters apparatus using 
refractive index detection and four 30 cm X 8 mm columns, in series, 
packed with Lichrosorb 10; the theoretical plate count was ca. 15 000. 
Preparative TLC using benzene for development was used to separate 
the adducts from other components (as above). Individual injections 
were 60-70 mg of adduct, and the eluent was the same as above; the 
flow rate was 6 mL/min at 1850 psi.

'H NMR spectra were measured on a custom built 250-mHz in
strument maintained by NIH Grant R.R.00292-6 to the Mellon- 
Pitt-Carnegie (M.P.C.) Corp. The spectrometer utilizes a supercooled 
solanoid and is interfaced with a Sigma 5 computer, which allows 
printouts of the peak positions accurate to at least ±0.16 Hz. A 
number (usually between 10 and 50) of fast scans (0.6-0.8 s sweep 
time) were accumulated for each spectrum, and the signal to noise 
ratio was enhanced by the correlation technique.31 On this high-field 
instrument, most of the coupling constants of interest (all of those 
reported) could be obtained by first-order analyses.

Diels Alder Reactions. The inside surfaces of glass reaction 
vessels were soaked overnight with aqueous ammonia and rinsed 
consecutively with water, acetone, and hexane, and the containers 
were allowed to remain filled with chlorotrimethylsilane containing 
a little Silyl-8 (a GLC column conditioner sold by Pierce Chemical 
Co.) for 3 days. The vessel was then rinsed with aqueous ammonia, 
triethylamine, and hexane and dried in an oven.

(A) A solution containing 0.466 g (2.43 mmol) of (Z)-l-(phenyl- 
thio)-2-methoxy-l,3-butadiene,11'12 0.8 g (15 mmol) of acrylonitrile, 
44 mg (0.12 mmol) of 3-iert-butyl-4-hydroxy-5-methylphenyl sulfide 
(Aldrich Chemical Co.), and 940 mg (7.3 mmol) of diisopropyleth- 
ylamine was heated in a glass pressure reactor (Fisher-Porter tube) 
immersed in a bath maintained at 110 °C for 44 h. The product mix
ture was concentrated and chromatographed on silica gel using ben
zene as eluent, whereby a 69% yield of an adduct mixture was isolated. 
This mixture, according to its NMR spectrum (see Results and Dis
cussion), consisted approximately of a 2:1 mixture of isomers. The 
mixture was separated into two components by chromatography on 
silica gel using 1:5 ethyl acetate-hexane as eluent. Major adduct (2): 
Rf 0.3; IR (CHCW 2245 (w), 1665 (m), 1360 (m) cm“ 1; MS (15 eV) m/e 
(relative intensity, assignment) 247 (8.6), 246 (45), 245 (64, P), 192 
(24, P -  CH2CHCN), 136 (71, P -  PhS), 135 (100, P -  PhSH). Anal. 
Calcd for C14Hi5NOS: C, 68.53; H, 6.16; N, 5.70. Found: C, 68.41; H, 
6.06; N, 5.77.

Minor adduct (4): R/ 0.4; IR (CHCI3) 2240 (w), 1663 (m), 1365 (m) 
cm "1; MS (15 eV) m/e 247 (18), 246 (47), 245 (53, P), 192 (19, P -  
CH2CHCN), 137 (45), 136 (61, P -  PhS), 135 (100, P -  PhSH). Anal. 
Found: C, 68.38; H.6.16.

The *H NMR spectra are reported in the Results and Discussion. 
When the major isomer was heated under the reaction conditions for 
46 h, none of the minor isomer was produced as judged by GLC 
analysis.

(B) A solution of 454 mg (2.36 mmol) of the diene, 0.8 g (15 mmol) 
of acrylonitrile, 0.8 g (6 mmol) of diisopropylethylamine, and 45 mg 
(0.12 mmol) of the radical trap was divided into four portions of ap
proximately 100 mg each and a fifth portion containing the remainder 
(ca. 1.6 g). Each portion was sealed in an ampule under argon and 
heated at a bath temperature of 110 °C. The small ampules were 
heated respectively for 1, 2, 4, and 8 h, and the large one was heated 
for 40 h. Each ampule was broken, and the pale yellow contents were 
concentrated. All of the adduct samples were analyzed by analytical 
LC, and all but the 1-h sample were separated into the four compo
nents using preparative LC. Compound 5: MS (15 eV) m/e 247 (2.9), 
246 (10), 245 (48, P), 194 (21), 136 (30, P -  PhS), 135 (100, P -  PhSH), 
110 (22, PhSH+). High-resolution mol wt, 245.0863; calcd for 
Ci4H15NOS, 245.0874.

Compound 3: MS (15 eV) m/e 247 (2.4), 246 (7.4), 245 (39, P), 136 
(30, P — PhS), 135 (100, P — PhSH), 110 (15, PhSH+); high-resolution 
mol wt, 245.0846.

As an example of the determination of the approximate extent of 
reaction, evaporation of the contents of the 1-h ampule yielded 24.2 
mg, which was separated by preparative TLC into 10 mg (0.041 mmol) 
of adduct and 13.9 mg (0.072 mmol) of diene; since only a trace of 
polymer (which may or may not have incorporated diene) and no other 
diene-containing products were in the sample, the extent of conversion 
was estimated as 0.041/(0.041 ±  0.072) = 0.36. In the case of the 40-h 
sample, the detector response for recovered diene in one injection was

2629, and the combined responses of the four adducts was 2957; when 
these numbers were corrected for the molar response factors of the 
two types of compound, it was evident that 68% conversion of diene 
to adducts had occurred and diene was still present.

Isomerization of Z Diene to E  Diene and Reaction of the 
Latter with Acrylonitrile. A solution of Z diene in methylene 
chloride was heated at reflux for 4 h. Upon TLC analysis (silica, 3:2 
benzene-hexane), it was evident that most, but not all, of the Z diene 
had been converted to a slightly faster moving material. The mixture 
was stirred for 1 day at ambient temperature with an excess of methyl 
vinyl ketone containing a trace of radical inhibitor, and the extremely 
slow reacting E diene was isolated as a colorless oil by chromatography 
on silica gel using 3:2 benzene-hexane as eluent: IR (CC14) 1635 (w), 
1585 (m), 1555 (s), 1480 (s), 1440 (m), 1215 (s), 1095 (s) cm“ 1; >H NMR 
(60 mHz) 6 3.72 (s, CH3, 3 H), 5.13-5.84 (m, CH2 and CHSPh, 3 H),
6.80 (higher field half of dd; the other half is apparently in the aro
matic region; Jc¡s = 10 Hz, =CH C(O M e)=, 0.5 H), 7.13 (broad s, 
aromatic plus one-half of vinyl absorption, 5.5 H).

The latter spectrum resembles that13 of the Z isomer. A Diels-Alder 
reaction between this diene and acrylonitrile was extremely slow, and 
according to a crude GLC analysis the product was a complex mixture 
which probably contained small amounts of 2 and 4.
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Scope of the Homo-Diels-Alder Reaction
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The reactivity of bicyclo[2.2.2]octa-2,5-diene, bicyclo[3.2.2]nona-6,8-diene, and 3,3-dimethyl-l,4-pentadiene in 
the homo-Diels-Alder reaction has been investigated to aid in an assessment of the scope of this reaction. The scope 
is seen to be rather limited, with the efficiency of the diene in the reaction generally being related to the distance 
between the double bonds.

The 1,5-addition of dienophiles to 1,4-dienes (the homo- 
Diels-Alder reaction) is a useful synthetic reaction for the 
preparation of certain tetracyclic compounds (Scheme I). 
Most studies of this reaction have involved norbornadiene 
with a variety of dienophiles.1 Recent studies with norbor
nadiene have been concerned with the stereochemistry of the 
reaction,2 a competing ionic reaction,3 and the effects of Ni(0) 
catalyst on the reaction.4 Other diene systems studied include 
the Dewar benzene,5 barrelene,6 and 1,4-cyclohexadiene 
systems.7

We were interested in the scope of the homo-Diels-Alder 
reaction with regard to the diene to see what the limitations 
are on the ring systems that can be synthesized by this reac
tion. Since the ease of the reaction must depend critically on 
the alignment and distance between the double bonds, we 
have investigated the behavior in this reaction of several 
dienes in which the double bonds are at increasingly greater 
distances than in norbornadiene. The dienes studied were 
bicyclo[2.2.2]octa-2,5-diene (1), bicyclo[3.2.2]nona-6,8-diene
(2), and 3,3-dimethyl-l,4-pentadiene (3). The results of these

1 2 3
studies along with previous information in the literature can
be used to assess the scope of the homo-Diels-Alder reac
tion.

Scheme I

Discussion
Bicyclo[2.2.2]octa-2,5-diene (1) was prepared by the method 

of Grob et al.,8,9 which ultimately involves a Cope elimination 
from the /V-oxide of 5-(dimethylamino)bicyclo[2.2.2 oct-2- 
ene. In order to avoid contamination of the diene with tricy- 
clo[3.2.1.02’7]oet-3-ene, which apparently results from elimi
nation from the exo amine oxide,10 an attempt was made to 
prepare the starting material for the synthesis, endn-5-car- 
bethoxybicyclo[2.2.2]oct-2-ene, with a high degree of config
urational purity. It was found that the procedure of Inukai et
al. for the aluminum chloride catalyzed Diels-Alder reaction11 
gave this ester in yields comparable to the uncatalyzed reac
tion12 but the bicyclic ester was 98% endo isomer compared 
to 76% for the uncatalyzed reaction.

The same procedure was used to prepare bicyclo[3.2.2]- 
nona-6,8-diene (2).13 In this case, the aluminum chloride 
catalyzed reaction of ethyl acrylate with 1,3-cycloheptadiene 
gave the bicyclic ester in 54% yield. Analysis showed that it 
was 98.5% exo isomer (this relates to the endo isomer in the 
bicyclooctyl case). 3,3-Dimethyl-l,4-pentadiene (3) was pre
pared by a modification of the procedure of Cióla and Bur- 
well.14

0099.3903/78/1943-4057801 00/0 © 1978 Amerioar Chemical Society



4058 J. Org. Chem., Vol. 43, No. 21,1978 Fickes and Metz

The homo-Diels-Alder reaction of bicyclooctadiene 1 was 
first tried with the highly reactive dienophile tetracyanoeth- 
ylene (TCNE). A solution of these two in benzene produces 
an orange-amber color, presumably due to the formation of 
a charge-transfer complex. Refluxing for 30 h gives a crystal
line product in yields as high as 85%. Spectral and elemental 
analyses of the compound were consistent with the expected 
1:1 adduct 9,9,10,10-tetracyanotetracyclo[5.3.0.02>4.03’8]decane
(4). Attempts to shorten the reaction time by carrying the 
reaction out at a higher temperature (100 °C, 11 h, benzene 
solvent) led to a lower yield of product (53%); this is appar
ently due to a competing retro-Diels-Alder reaction of the 
diene to benzene and ethylene.8 The reaction of 1 with a less 
reactive dienophile, dimethyl acetylenedicarboxylate, was also 
attempted. In this case, no adduct was obtained after heating 
the reactants at reflux in benzene for 4 days (some polymer 
is formed). Heating at 100 °C for 36 h still did not produce the 
desired product, but led instead to thermal decomposition of 
the diene. Attempts to catalyze the reaction with aluminum 
chloride also failed (polymeric material is formed). In contrast, 
reaction of this dienophile with norbornadiene produces the 
adduct in 50% yield when a mixture of the two is heated at 
reflux for 12 h.u

1 +  TCNE

Bicyclononadiene 2 was found to be considerably less re
active than the bicyclooctadiene in the homo-Diels-Alder 
reaction, but because of its greater thermal stability and lesser 
tendency to polymerize than 1 (no change after heating at 150 
°C for 24 h) more forcing conditions can be used. Addition of 
2 to a benzene solution of TCNE again produced an orange- 
amber color, but no reaction was observed when the mixture 
was heated at reflux. However, heating the benzene solution 
to 145 °C for 15 h gave the desired product in yields to 24%. 
At this temperature the TCNE undergoes considerable de
composition to give a black carbon-like residue. The crystal
line adduct was assigned the structure 10,10,11,11-tetracya- 
notetracyclo[6.3.0.02,4.03'9]undecane (5) on the basis of its IR 
and NMR spectra. As with the octadiene 1, none of the te
tracyclic adduct was observed for the reaction of 2 and di
methyl acetylenedicarboxylate (150 °C, 24 h).

2 +  TCNE

The reactivity of 3,3-dimethyl-l,4-pentadiene (3) in the 
homo-Diels-Alder reaction was examined with a variety of 
dienophiles. Although the addition of TCNE to a benzene 
solution of 3 produces a light amber color, heating of this so
lution, even at 145 °C for 52 h, does not lead to any detectable 
reaction. Attempted reaction also with dimethyl acetylene
dicarboxylate, maleic anhydride, and N-phenylmaleimide (the 
latter two reactions at elevated temperatures) failed to pro
duce the 1,5-adduct.

The above results, taken with others reported in the liter
ature, indicate that the scope of the homo-Diels-Alder reac
tion is indeed rather limited. The reaction works well with 
norbornadiene, giving a quantitative yield of adduct with 
TCNE after 30 min at reflux in benzene,18 and with numerous 
other less reactive dienophiles.1 Hexamethyl Dewar benzene 
has been reported to give an 85% yield of mono adduct when 
refluxed with TCNE in chlorobenzene. The product is 90%

homo-Diels-Alder adduct and 10% rearranged product. In this 
case, the reaction is considered to be an ionic one.5 Barrelene 
also gives a good yield of the homo-Diels-Alder product (95% 
with dicyanoacetylene at room temperature68). In the present 
study bicyclooctadiene 1 was found to give an 85% yield of 
adduct with TCNE after 30 h at reflux in benzene, but it did 
not react with the less reactive dienophile dimethyl acety
lenedicarboxylate.

The efficiency of the reaction decreases markedly with bi- 
cyclo[3.2.2]nona-6,8-diene (2); a 25% yield of adduct was ob
tained on heating with TCNE at 145 °C for 15 h. This de
creased reactivity parallels a decreased tendency for homo
conjugate addition of bromine to this diene compared to some 
of the compounds mentioned above. We find that the addition 
of bromine to 2 gives only 11% of the tricyclic dibromide 6 and 
89% of the bicyclic dibromide 7. The tricyclic dibromide ap
pears to be a mixture of epimers. In contrast, norbornadiene 
gives 80% of tricyclic dibromide,15 barrelene 83%,16 and bi
cyclooctadiene 1 about 30%.17 Both 1,4-cyclohexadiene and
3,3,6,6-tetramethyl-l,4-cyclohexadiene fail to undergo the 
homo-Diels-Alder reaction at all.7 This parallels their failure 
to undergo homoconjugate addition with, for example, bro
mine or the Prevost reagents (iodine and silver benzoate).

2 +  Br,

Only 1,2-addition products are formed in these reactions. The 
more flexible but less hindered 3,3-dimethyl-l,4-pentadiene
(3) also gives no homo-Diels-Alder product, and it gives an 
inseparable mass of tarry products in the Prevost reaction.

It is apparent in considering the series of dienes mentioned 
above that there is a good correlation between the ease of 
homo-Diels-Alder reaction and the distance between the 
double bonds in the diene. These distances as determined 
from Dreiding models are as follows: norbornadiene, 2.40 A 
(a more flexible Framework Molecular Model, Prentice Hall, 
Inc., was used for this diene); barrelene, 2.46 À; bicycloocta
diene 1, 2.47 À; bicyclononadiene 2, 2.51 A; 3,3,6,6-tetra- 
methyl-l,4-cyclohexadiene, 2.54 A; and 3,3-dimethyl-l,4- 
pentadiene (3), 2.51 A (for the more flexible systems, the 
distance is for the conformation giving the closest approach 
and parallel orientation of the double bonds).

The ease of the reaction can in turn be correlated with other 
effects dependent upon the distance between double bonds, 
for example, electronic interaction of the double bonds. The 
homo-Diels-Alder reaction is considered to be a concerted [2T 
+ 2r + 2X] cycloaddition reaction since it leads to the stereo
specific formation of products,2 although, as mentioned, the 
reaction of hexamethyl Dewar benzene with TCNE is ap
parently an ionic reaction5 and a competing ionic reaction has 
been found in the case of norbornadiene and chlorocyanoa- 
cetylene.3 Interaction of the double bonds in nonconjugated 
dienes can be classified into two types: through-space and 
through-bond interaction.18 It is the through-space interaction 
which is thought to be important for the homo-Diels-Alder 
reaction.28 Norbornadiene is considered to be a model com
pound for through-space interaction, while 1,4-cyclohexadiene 
is a good model for through-bond interaction.18 The interac
tion energy of the double bonds in these two systems has been 
measured by photoelectron spectroscopy.19 This technique 
shows that through-space interaction is also important for 
barrelene20 and bicyclooctadiene l ,19 while bicyclononadiene 
2 has a near cancellation of through-space and through-bond
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interactions and seems to be the transition point for dienes 
with regard to the relative importance of these two types of 
interactions.1313 It is clear that there is a good correlation be
tween the ease of homo-Diels-Alder reaction and the amount 
of through-space interaction in these dienes.

The relative reactivities of the dienes can also be correlated 
with the ease of approach to the transition state for formation 
of the homo-Diels-Alder product. Generally speaking, the 
closer together the double bonds are the closer the diene would 
be to the transition state for the reaction. The superiority of 
norbornadiene to the other dienes from this point of view can 
be seen by looking at the ease of the reverse reaction, the retro 
homo-Diels-Alder reaction, of the azo compounds I21 and II,le 
As can be seen, I is much more reactive than II due to the 
greater relief of strain associated with the formation of 1,4- 
cyclohexadiene than the formation of norbornadiene. Ap
parently, the strain associated with formation of the three- 
membered ring as well as a lack of through-space interaction 
of the double bonds is sufficient to limit the homo-Diels-Alder 
reaction to dienes with double bonds no farther apart than 
they are in the bicyclononadiene 2. For acyclic dienes such as 
3, entropy effects would also be important.

■ 25-°C >- + N,
pyr i di ne \ /

ii

In an attempt to look at the effects of substituents in the 
diene on the homo-Diels-Alder reaction, the reaction of 
TCNE with 2-(acetoxymethyl)norbornadiene (8) was inves
tigated. Mixing of the two in benzene produces an orange-red 
solution, and heating to reflux causes the formation of a 1:1 
adduct in yields to 41%. The adduct was assigned structure 
9 on the basis of its NMR spectrum, which showed a broad 
singlet at 5 1.80 (4 H), assigned to the two cyclopropyl hy
drogens and the hydrogens of the methylene bridge, a broad 
multiplet at b 2.55 (1 H), assigned to the bridgehead hydrogen 
facing the cyano groups, a broad singlet at b 3.41 (2 H), as
signed to the two remaining bridgehead hydrogens, and a 
quartet at b 4.42 (2 H), assigned to the methylene adjacent to 
the acetate group. The acetate methyl appears as a sharp 
singlet at b 2.05. The methylene adjacent to the acetate group 
is also adjacent to an asymmetric center, which causes it to 
appear as an AB quartet (J ab = 12.5 Hz and A^ab = 43 Hz). 
Compound 8 is apparently less reactive in the homo-Diels-

Alder reaction than norbornadiene itself since we were unable 
to isolate any adduct from 8 and dimethyl acetylenedicar- 
boxylate after heating the two for 24 h at 120 °C in ben
zene.

The product from 8 is formed by addition of the dienophile 
at the least hindered side of the diene. This regiospecificity 
may be explained by both steric and electronic factors. It is 
interesting to note that the same regiospecificity is seen in
1,2-cycloaddition reactions of quadricyclanes. The quadri- 
cyclanes 10 and 11 have both been reported to give the 1,2- 
addition product resulting from reaction at the side away from

ROCH
12

+ TCNE

a. R= H; b, R=-CCH:i

the substituent.22"23 We have found analogous results with
l-(hydroxymethyl)quadricyclane (12a) and l-(acetoxy- 
methyl)quadricyclane (12b). These quadricyclanes with 
TCNE produce 13 as shown by NMR analysis. Thus, it ap
pears that the substituent effect may be general for both of 
these 1,2- and 1,5-cycloaddition reactions and steric in ori
gin.

Experimental Section24
Bicyclo[2.2.2]octa-2,5-diene (1). 5-CarbethoxybicycIo[2.2.2]- 

oct-2-ene was prepared by a procedure similar to that reported for 
aluminum chloride catalyzed Diels-Alder reactions.11 A benzene 
solution of 1,3-cyclohexadiene8 was added dropwise to a stirred so
lution of a 5:1 mixture of ethyl acrylate and aluminum chloride in 
benzene at 50-55 °C over a 3-h period. The reaction mixture was 
stirred for an additional 8 h after the addition was complete. Workup 
and fractional distillation gave the ester in 80% yield, bp 106 °C (15 
mm) [lit.8 bp 98-100 °C (12 mm)]. GC analysis showed the ester to 
be 98% endo isomer. The ester was converted to 1 using the method 
of Grob et al.,8 along with some modifications of Wilcox et al.,28 mp 
58-60 °C (after sublimation at 50 °C (10 mm); lit.8 mp 57 °C).

Bicyclo[3.2.2]nona-6,8-diene (2) was prepared in the same 
manner as 1. The procedure of Grob et al.8 for the preparation of
1,3-cyclohexadiene was used to prepare 1,3-cycloheptadiene from
3-chlorocycloheptene (bp 88 °C (45 mm); 68% yield from cyclohep- 
tene) in 62% yield, bp 112-114 °C (650 mm) [lit.26 bp 120-121.5 °C 
(758 mm)]. 8-Carbethoxybicyelo[3.2.2]non-6-ene was obtained in 53% 
yield using the aluminum chloride catalyzed Diels-Alder reaction 
described above and stirring the reaction for 62 h, bp 110-113 °C (6 
mm). GC shewed that the ester was 98.5% exo isomer.

Anal. Calcd for CirjHisOiji C, 74.17; H, 9.34. Found: C, 74.57; H,
9.32.

The bicyclic ester was converted to 2 using the same seven-step 
procedure used to prepare 1. The hydrazide was obtained as a white 
solid [mp 90-91 °C (from benzene)]. The carbamate was obtained as 
a thick oil and was reduced without purification to the monomethy- 
lamine, bp 77-78 °C (14 mm). The dimethylamine, a colorless oil, bp 
80 °C (4.5 mm), was converted to the N-oxide, a white waxy solid. The 
N-oxide was decomposed to the diene, without purification or drying, 
at 90-115 °C in 74% yield. 2 was obtained as a white waxy solid that 
sublimed readily at 75 °C (20 mm), mp 89-91 °C (st) (lit. mp 83-8413a 
and 84 °C13t>). The NMR spectrum was in agreement with that re
ported for 2.13b 2 showed UV absorption (ethanol) at 205 nm («4040) 
and 245 (41).

Bromine Addition to 2. A solution of 320 mg (2.0 mmole) of freshly 
distilled bromine in 10 mL of carbon tetrachloride was added dropwise 
to an ice-cold solution of 240 mg (2.0 mmol) of 2 in 10 mL of carbon 
tetrachloride, and the reaction mixture was stirred for an additional 
24 h after addition was complete. Removal of solvent on a rotary- 
evaporator left 560 mg (100%) of dibromide as a light orange oil. TLC 
indicated the presence of two components. The mixture was separated 
on a slurry-packed Florisil column using hexane as the eluting solvent. 
The major component (89% by NMR) was a colorless oil, and it was
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assigned the structure of the 1,2-addition product, trans-8,9-di- 
bromobicyclo[3.2.2lnon-6-ene (7), by analogy to the reaction of bro
mine with 110'17 and on the basis of the following spectral data: IR (neat) 
3055 (m, vinyl hydrogens), 1640 (m, double bond), 710 (s, cis disub- 
stituted double bond) cm-1; NMR (CCR) 5 1.15-1.95 (m, 5 H, propyl 
bridge), 2.42 (m, 2 H, bridgehead), 2.72 (m, 1 H, hydrogen of the 
propyl bridge over the endo bromine), 4.47 (poorly resolved quintet,
1 H, exo CHBr), 5.25 (broad d, 1 H, endo CHBr), 5.35-5.74 (m, 1 H, 
vinyl), 6.09 (q, 1 H, vinyl hydrogen across from exo bromine).

Anal. Calcd for C9H12Br2: C, 38.61; H, 4.32. Found: C, 38.44; H,
4.31.

The minor component (11% by NMR) appeared to be pure by TLC, 
but NMR spectroscopy indicated it to be a mixture of syn- and 
anfi-6,9-dibromotricyclo[3.2.2.07'8]nonane (6), although the exact 
ratio of the two isomers could not be determined. The structural as
signment was based on the following spectral data: IR (neat) 3030 
cm“ 1 (w, cyclopropyl hydrogens), no double-bond absorption; the 
NMR spectrum (CCR) was weak but indicated absorptions at <5 1.25 
(m, cyclopropyl), 1.59 (m, propyl bridge), 2.42 (m, bridgehead), 2.82 
(m, hydrogen over endo bromine) 4.30 (m, CHBr of syn isomer), 4.42 
and 5.21 (m, CHBr of anti isomer). Due to the small amount of tri
cyclic dibromide isolated, no elemental analysis was obtained.

3,3-DimethyI-l,4-pentadiene (3) was prepared by the method 
of Ciola and Burwell,14 bp 65-66 °C (650 mm) [lit.14 bp 70.2 °C (750.5 
mm)].

2-(AeetoxymethyI)norbornadiene (8). 2-(Hydroxymethyl)- 
norbornadiene was prepared according to the procedure of Graham 
et al.,27 bp 96-97 °C (8 mm) [lit.27 bp 100-103 °C (9-11 mm)], and 
acetvlated using acetic anhydride and sodium acetate,28 bp 103-105 
°C (25 mm) [lit.27 bp 80-82 °C (4 mm)].

l-(HydroxymethyI)quadricyclane (12a) and l-(acetoxy- 
methyl)quadricyclane (12b) were obtained by irradiating a 2% ether 
solution of 2-(hydroxymethyl)- or 2-(acetoxymethyl)norbornadiene 
(8) for 20 h in a Rayonet photochemical reactor.29 IR and NMR 
spectroscopy showed the loss of double bond and the appearance of 
cyclopropyl hydrogens. GC analysis showed the alcohol to be 90% pure 
and the acetate 95% pure. Due to the instability of these quadricy- 
clanes, no elemental analyses were obtained; the ether solutions from 
photolysis were used directly for the cycloaddition reactions.

Cycloaddition Reactions with TCNE.30 A. 9,9,10,10-Tetracy- 
anotetracyclo[5.3.0.02i4.03'8]decane (4). To a yellow solution of 0.35 
g (2.7 mmol) of TCNE in 3 mL of benzene was added 0.50 g (4.7 mmol) 
of bicyclo[2.2.2]octa-2,5-diene (1). The resulting orange-amber colored 
solution was refluxed with stirring for 30 h (after 6 h, the solution had 
become noticeably darker and a precipitate had formed) and then 
cooled in an ice bath. The crystals were suction filtered to give 0.48 
g (75%) of a grayish-brown amorphous solid, which gave white needles 
on recrystallization from benzene, mp 244-245 °C. The overall yield 
of adduct was about 85% based on workup of material from the mother 
liquors. Assignment of structure 4 to the adduct was based on the 
following spectral data: NMR <51.25 (broad m, 1 H, cyclopropyl), 1.45 
(broad s, 2 H, cyclopropyl), 1.70 (broad s, 4 H, ethano bridge), 2.05 
(m, 1 H, bridgehead), 3.50 (broad s, 2 H, bridgehead); IR (KBr) 3040 
(w, cyclopropyl hydrogens), 2250 (w, unconjugated nitrile) cm-1, no 
double-bond absorption.

Anal. Calcd for CUH10N4: C, 71.79; H, 4.30. Found: C, 71.53; H,
4.22.

B. 10,10,ll,ll-Tetracyanotetracyclo[6.3.0.02’4.03’9]undecane
(5). To a heavy-walled tube containing 200 mg (1.6 mmol) of TCNE 
and a few crystals of hydroquinone was added a solution of 100 mg 
(0.84 mmol) of bicyclo[3.2.2]nona-6,8-diene (2) in 0.7 mL of benzene. 
The tube was flushed with nitrogen, cooled, sealed, and heated in an 
oil bath at 140-145 °C for 15 h. After cooling, the tube was opened and 
the dark contents were dissolved in excess benzene and filtered hot 
to remove the insoluble residue. After concentration and cooling, the 
benzene solution yielded 50 mg (24%) of light brown platelets. De- 
colorization with activated carbon and two recrystallizations from 
benzene gave 10 mg of white platelets, mp 235-236 °C. Structure 5 
was assigned to the adduct on the basis of the following spectral data: 
NMR 5 1.00 (m, 1 H, cyclopropyl), 1.48 (broad s, 2 H, cyclopropyl),
1.75 (m, overlapped with cyclopropyl hydrogens, 6 H, propyl bridge),
2.10 (m, 1 H, bridgehead), 3.71 (broad s, 2 H, bridgehead); IR (KBr) 
3025 (w, cyclopropyl hydrogens), 2250 (w, unconjugated nitrile) cm“ 1, 
no double-bond absorption.

Anal. Calcd for Ci5H12N4: C, 72.56; H, 4.87. Found: C, 72.57; H,
5.01.

C. 2-Acetoxymethyl-8,8,9,9-tetracyanotetracyclo- 
[4.3.02’4.03'7]nonane (9). To a solution of 130 mg (1.0 mmol) of TCNE 
in 3 mL of benzene was added 170 mg (1.0 mmol) of 2-(acetoxy- 
methyDnorbornadiene (8) and a few crystals of hydroquinone. No

apparent reaction had taken place on standing for 2 days at room 
temperature. Refluxing for 1 h caused the initial red color to fade to 
an orange-amber color. Evaporation of solvent left an orange crys
talline mass which was recrystallized from 3 mL of benzene to give 
120 mg (41%) of tan platelets. After decolorization with activated 
carbon and two recrystallizations from benzene, the product was 
obtained as white platelets: mp 147.5-148.5 °C; IR (KBr) 3070 (w, 
cyclopropyl hydrogens), 2250 (w, unconjugated nitrile) cm-1, no 
double-bond absorption; NMR data is given in the text.

Anal. Calcd for Ci6H12N40 2: C, 65.74; H, 4.15; N, 19.17. Found: C: 
65.55; H, 4.23; N, 19.60.

D. 8-Hydroxymethyl-3,3,4,4-tetracyanotricyclo[4.2.1.02'5]- 
non-7-ene (13a). A solution of 800 mg (6.5 mmol) of l-(hydroxy- 
methyl)quadricyclane (12a) in 10 mL of benzene was added all at once 
to a yellow solution of 210 mg (1.6 mmol) of TCNE in 10 mL of ben
zene. The yellow color disappeared instantaneously, and after a few 
minutes a colorless precipitate began to form. The solution was cooled 
and filtered to give 410 mg (100%) of a white powder, mp 171.5-173.5 
°C dec. After two recrystallizations from ethylene dichloride and 
decolorization with activated carbon (material turned pink on heat
ing), the product was a white powder, mp 175-176 °C. Repeated 
recrystallizations from ethylene dichloride failed to raise the melting 
point, but the elemental analysis remained slightly off for the com
pound named. The IR, NMR and mass spectra, however, were all 
consistent with the assigned structure 13a: IR (KBr) 3540 (s, hy
droxyl), 3020 (w, vinyl hydrogens), 2250 (w, unconjugated nitrile), 
1620 (w, double bond), 1030 (s, C -0  bond) cm-1; NMR b 1.82 (q, 2 H, 
methylene bridge), 3.05 (s, 2 H, cyclobutyl), 3.22 (broad s, 2 H, 
bridgehead), 3.75 (s, 1 H, OH), 4.02 (d, 2 H, CH2OH), 5.88 (m, 1 H, 
vinyl); mass spectrum (70 eV), m/e (relative intensity) 250 (3, M+), 
232 (36, M+ -  H20).

Anal. Calcd for C14Hi0N40: C, 67.19; H, 4.03; N, 22.40. Found; C, 
66.52; H, 4.31; N, 22.01.

E. 8-Acetoxymethyl-3,3,4,4-tetracyanotricycIo[4.2.1.02'®]- 
non-7-ene (13b). To a solution of 82 mg (0.64 mmol) of TCNE in 25 
mL of ether was added all at once a solution of 100 mg (0.61 mmol) 
of 1 -(acetoxymethyl)quadricyclane (12b) in 10 mL of ether. The light 
orange color of the TCNE-ether complex disappeared in about 10 s, 
and after about 30 s a white precipitate began to form. The solution 
was allowed to stand at room temperature for 2 h and then was cooled 
and filtered with suction to give 150 mg (79%) of a white powder, mp
163-165 °C. The product was recrystallized twice from a 1:1 mixture 
of ethylene dichloride-hexane (benzene was not suitable for recrys
tallization since it seemed to complex with the product) to give white 
needles, mp 167-168 °C. Structure 13b was assigned to the product 
on the basis of its spectral data: IR (KBr) 3005 (w, vinyl hydrogens), 
2250 (w, unconjugated nitrile), 1720 (s, acetate carbonyl), 1640 (w, 
double bond), 1035 (m, C -0  bond) cm“ 1; NMR & 1.84 (q, 2 H, meth
ylene bridge), 2.07 (s, 3 H, acetate methyl), 3.07 (poorly resolved d, 
2 H, cyclobutyl), 3.25 (broad s, 2 H, bridgehead), 4.62 (broad s, 2 H, 
CH2 adjacent to acetate), 6.02 (m, 1 H, vinyl).

Anal. Calcd for Ci6H12N40 2: C, 65.74; H. 4.14; N, 19.18. Found: C, 
65.55; H, 4.33; N, 19.41.

Attempted Cycloaddition Reactions. A. Bicyclo[2.2.2]octa-
2,5-diene (1) with Dimethyl Acetylenedicarboxvlate. To a solu
tion of 670 mg (4.7 mmol) of dimethyl acetylenedicarboxylate in 3 mL 
of benzene was added 500 mg (4.7 mmol) of 1. After stirring at reflux 
for 4 days, a small amount of waxy precipitate was observed. Solvent 
and unreacted starting materials were removed on a rotary evaporator 
to leave about 50 mg of an orange waxy material. Attempts to isolate 
the adduct from this material by chromatography on alumina were 
unsuccessful. The same reaction was carried out in a heavy-walled 
tube (sealed under nitrogen) at 100 °C for 36 h. Distillation of the 
contents of the tube yielded only benzene and dienophile.

Catalysis of the reaction with aluminum chloride was attempted. 
To a stirred solution of 125 mg (0.94 mol) of aluminum chloride in 4 
mL of benzene heated at 50 °C was added dropwise 670 mg (4.7 mmol) 
of dimethyl acetylenedicarboxylate in 2.0 mL of benzene. After ad
dition was complete, a solution of 500 mg (4.7 mmol) of 1 in 2.0 mL 
of benzene was added slowly over a 30-min period while the reaction 
mixture was maintained at 50-55 °C. The mixture was stirred at 50-55 
°C for an additional 8 h and then cooled in an ice bath while 2 mL of 
5% hydrochloric acid was added. The layers were separated, and the 
benzene layer was washed once with water and dried over sodium 
sulfate. Chromatography on alumina gave only starting material and 
a trace of yellow amorphous material. The experiment was repeated 
using a 2:1 molar excess of aluminum chloride to dienophile and the 
reaction mixture was stirred at 50-55 °C for 25 h after addition of the 
diene. Workup and removal of solvent left 1 g of a viscous orange oil 
which yielded no adduct on chromatography on alumina.
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B. Bicyclo[3.2.2]nona-6,8-diene (2) with Dimethyl Acety- 
lenedicarboxylate. To a solution of 120 mg (1 mmol) of 2 in 1 mL 
of benzene was added 142 mg (1 mmol) of dimethyl acetylenedicar- 
boxylate and a few crystals of hydroquinone. The mixture was sealed 
in a heavy-walled tube under nitrogen and heated at 150 °C for 24 h. 
Removal of solvent left a red tarry residue. Attempts to purify this 
residue by chromatography on silica gel failed to yield any cycload
dition product.

C. Reactions of 3,3-Dimethyl-1,4-pentadiene (3). With TCNE.
To a solution of 2.5 g (0.026 mol) of 3 in 20 mL of benzene was added 
2.0 g (0.016 mol) of TCNE, and the resulting light amber solution was 
refluxed for 9 h. Workup gave only recovered TCNE. Heating the 
solution in a sealed tube at 140-145 °C for up to 52 h also produced 
no adduct.

With Dimethyl Acetylenedicarboxylate. A solution of 3.0 g 
(0.031 mol) of 3,3.0 g (0.021 mol) of dimethyl acetylenedicarboxylate, 
and a few crystals of hydroquinone was refluxed for 6 h. Distillation 
of unreacted diene and dienophile from the reaction mixture left a 
trace of a viscous oil in which none of the adduct could be detect
ed.

With Maleic Anhydride and IV-Phenylmaleimide. A mixture 
of 0.5 g (5.2 mmol) of 3, 1 mmol of maleic anhydride or IV-phenyl- 
maleimide, and 0.25 mL of chloroform was heated at 50 °C for 1 week. 
NMR analysis showed that no reaction had occurred. The experi
ments were repeated at a higher temperature by heating 0.7 g (7.3 
mmol) of 3,5 mmol of maleic anhydride or iV-phenylmaleimide, and 
1 mL of dry diglyme at 125-130 °C for 2 days in a tube sealed under 
nitrogen. Workup gave no detectable amounts of cycloadduct. The 
experiment was repeated at 190 °C for 3 days in the absence of solvent. 
No reaction occurred with the iV-phenylmaleimide, but some brown 
oil was produced in the maleic anhydride case. Attempts to purify this 
material by column chromatography failed. Although the IR spectrum 
of the material showed some aliphatic absorption, the NMR spectrum 
was very complex and no definite structure could be assigned.

Registry No.— 1, 500-23-2; 2, 7164-08-1; 3, 1112-35-2; 4, 61822- 
60-4; 5,67271-14-1; 6 (isomer 1), 67271-15-2; 6 (isomer 2), 67335-53-9; 
7, 67271-16-3; 8, 56682-74-7; 9, 67271-17-4; 12a, 56682-76-9; 12b, 
56682-75-8; 13a, 67271-18-5; 13b, 67271-19-6; endo-5-carbethoxy- 
bicyclo[2.2.2]oct-2-ene, 67335-54-0; exo-8-carbethoxybicy- 
clo[3.2.2]non-6-ene, 23217-51-8; exo-8-carbethoxybicyclo[3.2.2]- 
non-6-ene hydrazide, 23217-54-1; 8-(methylamino)bicyclo[3.2.2]- 
non-6-ene, 67271-20-9; 8-(dimethylamino)bicyclo[3.2.2]non-6-ene, 
67271-21-0; 8-(dimethylamino)bicyclo[3.2.2]non-6-ene N-oxide, 
67271-22-1; 1,3-cyclohexadiene, 592-57-4; ethyl acrylate, 140-88-5;
1,3-cycloheptadiene, 4054-38-0; 3-chlorocycloheptene, 35021-99-9; 
bromine, 7726-95-6; TCNE, 670-54-2; dimethyl acetylenedicarbox
ylate, 762-42-5; maleic anhydride, 108-31-6; AT-phenylmaleimide, 
941-69-5.
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Rearrangement Approaches to Polycyclic Skeletons. 1. 
Bridgehead-Substituted Bicyclo[3.2.1]octene 

Derivatives from Bicyclo[2.2.2]octene Precursors1

Stephen A. Monti,* Shen-Chu Chen, Yuh-Lin Yang,
Sun-Shine Yuan, and Oliver P. Bourgeois

Department of Chemistry, The University of Texas at Austin, Austin, Texas 78712
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Preparation of a variety of 1-substituted bicyclo[3.2.l]oct-3- (and -6-) en-2-yl derivatives by acid-catalyzed rear
rangement of 1-H and l-methoxy-2-alkylbicyclo[2.2.2]oct-5-en-2-ols and of l-methoxybicyclo[2.2.2]oct-5-en-2-alk- 
ylidene derivatives is described. In the 1-H series, both the exo and the endo tertiary alcohol precursors yield the 
more stable bicyclo[3.2.1]oct-3-en-2-yl product; in the 1-methoxy series, the exo tertiary alcohols and the a.0-un
saturated ester precursors furnish the nonconjugated bicyclo[3.2.1]oct-6-en-2-one products, while the endo tertiary 
alcohols and the unsaturated ketone starting materials give the conjugated bicyclo[3.2.lIoct-3-en-2-one products 
predominantly. A facile rearrangement of l-ketoalkylbicyclo[3.2.1]oct-6-en-2-ones to l-ketoalkylbicyclo[3.2.1]oct-
3-en-2-ones is described. The observed regioselectivity of these rearrangements is discussed.

The structural complexities and diverse biological activi
ties of several classes of tetracyclic natural products, such as 
the gibberellins (1), the beyeranes (2), and the grayanotoxins
(3), among others,2 make them important and challenging

G ib b e r a l lic
A cid

2, Sto c b *n  a 3̂  G * o y o u o lo  % in X.

synthetic targets.3 Structurally, each of these families contain 
a 1,2-disubstituted bicyclo[3.2.1]octane nucleus, and the 
presence of this common element provides the basis for an 
attractive convergent synthetic approach to these related 
materials. The synthetic strategy envisioned involves initial 
preparation of suitably functionalized, bridgehead-substituted 
bicyclo[3.2.1]octane derivatives, followed by subsequent 
elaboration of the fused-ring skeleton: a formal C/D —*• A- 
B-C/D route to these tetracyclic substances. The successful 
completion of the initial synthetic goal of this general ap
proach, the development of an efficient procedure to prepare 
a variety of C/D ring synthons which contain functionality 
suitable for further conversion into the target natural prod
ucts, is described herein.

The overall route to the desired bridgehead-substituted 
bicyclo[3.2.1]octane derivatives is depicted in Scheme I. The 
key step involves the rearrangement of the bicyclo[2.2.2]oc- 
tenyl cation 6 into the bicyclo[3.2.1]octenyl cations 7 and/or
8.4 Nucleophilic trapping of these cations then furnishes 1- 
alkylbicyclo[3.2.1]octene derivatives containing either func
tionality only in the three-carbon bridge (9) or differentiated 
functionality in the two- and the three-carbon bridges (10). 
As described below, the bicyclo[2.2.2]octene derivatives, the

Scheme I

-£
* R

exo and/or endo tertiary alcohols 4, as well as the dienes 5, can 
serve as formal precursors to cation 6; these bicyclo[2.2.2]- 
octene substrates are readily prepared by a convergent se
quence which allows structural variation in both the bicyclic 
skeleton and in the R substituent; and the rearrangement 
regioselectivity exhibited by these substrates is such that 
controlled synthetic entry into either bicyclo[3.2.1]octene 
series, 9 or 10, can be achieved.

Results
The starting materials for the preparation of the bicy- 

clo[2.2.2]octene precursors 4 and 5 were the Diels-Alder de
rived bicyclo[2.2.2]octenones 11,5 12,6 and 13. Both the known

l i  12 ,  R , : c h 3 r 2 - . h

l 3, R ,=  h ; R 2 = c h 3

l-methoxy-4-methyl ketone 12 and the previously unreported
5-methyl derivative 13 were prepared from the Birch reduc
tion products 14 and 16 as shown in Scheme II. Cycloaddi
tion6’7 of a-chloroacrylonitrile with the conjugated diene 17, 
generated in situ from 16, yielded a separable mixture of 
chloronitriles 18a,b (2:1) in 90% yield in which the exo-nitrile 
18a predominated.8 A third product was isolated in ca. 10%

Scheme II

a C H j= C (C l)C N , C6H6, heat, 9 h. *N a2S-9H 20 , EtOH / 
H20 ,  heat, 15 h. c CH2= C H C N , 120 °C, 16 h. (i) LD A / 
THF, - 7 8  °C; (ii) 0 2, - 7 8  °C; (iii) Na2S 0 3, 0 -2 5  °C.

0022-3263/78/1943-4.062X01 OO/n <PilQ7» n i------
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yield from this reaction, and after aqueous acid hydrolysis it 
was tentatively identified as the keto chloronitrile 19 on the

O C H ,

CN

2 0

basis of spectral properties. Presumably, this minor product 
results from cycloaddition of the alternative conjugated en- 
docyclic diene 20. The conversion of chloronitriles 18a,b to
5-methyl ketone 13 under a variety of conditions5’6 gave re- 
producibly poor yields9 (20-40%) and led to an examination 
of an alternative route to 13. In practice, a more satisfactory 
preparation of ketone 13 was achieved by cycloaddition of 
acrylonitrile and diene 16 to give nitrile 18c, which when 
treated sequentially with lithium diisopropylamide in THF, 
dry oxygen, and then sodium sulfite10 yielded 5-methyl ketone 
13 in 53% overall yield from diene 16.

The exo and endo tertiary alcohols 4 and the dienes 5, which 
serve as precursors of the bicyclo[3.2.1]octenes 9 and 10 con
taining substituted acetic acid substituents at C-l (see Table 
I), were prepared as follows. Reformatsky reaction11 of ketones
11,12, and 13 with the appropriate a-bromo ester furnished 
nonseparable mixtures of the /3-hydroxy esters 21, 22a and 
23a, and 24a and 25a in ca. 80% isolated yield. Reaction of

31

a, RsCH2 C 0 2 Ef

b, r=c h 2c o 2 h 

<t r=c h - c o 2 h

22, R,=OH, R2=R
23, R,= R, R2=OH

27, R,=C02 E», R2=H
28, Ri = H, R2=C02 Et

32, R1=CH3,R2=H
33, Ri = H,R2 = CH3

d, R = <jH-COOH

«, R=C H-COOH
C6 H4 (m-OMe)

f,  r =c h 2c h 2- c- c h 3

<2J>

*2
24, R,=OH, R2=R
25, RpR, R2=OH

29, Ri = CH3,R2 = H 
3 0, R,=H, R2=CH3

34, Rj=CH3 , R2 =H

35, R,=H, R2=CH3

8, R=CH2CHj-?-CH3
h, fi=CH2CH2CH2~S-Ph

i, B = C H j-^ -C H fC 0 2 M»

i, B=CHr C-CH3

ketone 13 with the appropriate carboxylic acid dianion12 gave 
mixtures of the /3-hvdroxy acids 24,25 (b-e) in 60-80% yield 
in which the exo alcohol 24 usually predominated. Crystalli
zation of these mixtures normally furnished the pure exo al
cohols, e.g., 24c,d,e, although in one case the pure endo alcohol 
25b was obtained. The exo/endo structure assignments were 
based on the observation that the NMR chemical shift of the 
substituent methylene or methine group proton(s) in the exo 
alcohol 24 was shifted upfield due to the shielding effect of the 
adjacent C5-C 6 double bond13 (see Experimental Section for 
details). In addition, formation of the exo alcohols 24 as the 
major products is consistent with addition to the less hindered 
face of the bicyclo[2.2.2]octenone substrates.4’14 When the
5-methyl ketone 13 was allowed to react with the lithium en- 
olate of ethyl trimethylsilylacetate,15 a mixture of a,/3-un
saturated esters 27,28 was obtained which showed bridgehead

Table I. Rearrangement of Bicyclo[2.2.2]octenes to 
_____ Bicyclo[3.2.1]octene-l-acetic Acid Derivatives
_____substrate______ conditions_____ products (yield, %)

alcohols
21
22a,23a (11)
24c 
24d 
24e 
25b

dienes
26 b 32b (80), 34b (10)c
27,28 b 33b (80)c

0 Catalytic amount of TsOH in acetic acid, A, 4h. b TsOH (1 
equiv) in acetic acid, A, 4h.c Isolated initially as a mixture of ethyl 
esters and carboxylic acids.

a 29,30 (70)
a 32b (59), 34b (35)
a 33c (90)
a 33d (93)
a 33e (100)
a 33b (33), 35b (67)

methoxy group signals at 5 3.35 and 3.46 (1:2 ratio). The minor 
component (5 3.35) is assigned as the Z  isomer 28 on the basis 
of the expected shielding effect of the carbethoxy group on the 
methoxy substituent.16 Dehydration of the /3-hydroxy esters 
22a,23a and 24a,25a with thionyl chloride/pyridine yielded 
only the 5-methylbicyclo[2.2.2]octene E isomer 27 and a single 
a,/3-unsaturated ester 26 in the 4-methyl series, which by 
analogy is tentatively assigned the E configuration (i.e., for
mation of the more stable isomer).

As summarized in Table I, exposure of the 1-H and 1-me- 
thoxy series /?-hydroxy acid and ester substrates to a catalytic 
amount of p-toluenesulfonic acid in acetic acid at reflux for 
ca. 4 h resulted in smooth rearrangement to give bridge
head-substituted bicyclo[3.2.1]octene derivatives in good to 
excellent yield. Under similar conditions, the 1-methoxy series 
diene precursers 26, 27, and 28 were recovered unchanged; 
however, when these dienes were treated at reflux with 1 equiv 
of TsOH in acetic acid, rearrangement to the 1-substituted 
bicyclo[3.2.1]octenone nucleus did occur in excellent yield. In 
each case, the isolated bicyclo[3.2.1]octenone-l-acetic acid 
products [32-35 (a-e)] were shown to be stable to the reaction 
conditions.

Rearrangement of the epimeric 1-H series /3-hydroxy esters 
21 yielded a mixture of two crystalline products which was 
assigned as the isomeric lactones 29,30. The contiguous nature 
of the C-5 oxygen-substituted carbon atom of the lactone 
group and the C6-C 7 double bond was established by the ob
served coupling, J5,6 = 4 Hz, in both isomers. The cis fusion 
of the 7-lactone moiety on the six-membered ring is consistent 
with the mode of formation (vide infra) and was confirmed in 
both lactones by an observed long-range (W) coupling of the 
C-5 hydrogen and the anti C -ll hydrogen in the one-carbon 
bridge of J = 1 Hz.17 No evidence for the alternative rear
rangement product, lactone 31, was observed. In the rear
rangement of the 1-methoxy series substrates, the exo alcohols 
22,24 and the 5-methyl dienes 27,28 gave the nonconjugated 
bicyclo[3.2.1]octenones 32,33 as the exclusive products, while 
the endo alcohols 23,25 and the 4-methyl diene 26 yielded a 
mixture of both possible structural isomers, the nonconjugated 
enones 32,33 and the conjugated bicyclo[3.2.1]octenones 34,35. 
The structures assigned to the two series of products are fully 
consistent with the observed spectral data. In the case of en
ones 34,35, the presence of the bicyclo[3.2.1]octenone nucleus 
is established unambiguously since this carbon skeleton is 
required to accommodate the observed (IR) a,/3-unsaturated 
carbonyl moiety in these materials. The nonconjugated enones 
32,33 are also assigned as bicyclo[3.2.1]octenone derivatives, 
and in the case of acid 32b this assignment was confirmed 
since catalytic hydrogenation of 32b and the conjugated iso
mer 34b yielded the same saturated bicyclic acid 36.
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Attention was next directed toward the preparation of 
tertiary alcohol 4 and diene 5 precursors containing other 
functional groups. Treatment of the 4-methyl ketone 12 with 
Grignard reagents18 37 yielded separable mixtures of exo-l 
endo-y-phenylthio alcohols 22h,23h (94%, 3.5:1) and exo-l 
endo-y-hydroxy ketals 22f,23f (95%, 2.5:1). Dehydration of 
the hydroxy ketal mixture 22f,23f with thionyl chloride/ 
pyridine yielded, after aqueous workup, a crude mixture of 
two isomers of the fty-unsaturated ketone 38 (80%). In the
5-methyl series, addition of the dianion19 of methyl acetoac- 
etate to ketone 13 gave an exo/endo mixture of y-hydroxy- 
/3-keto esters 24i,25i (2:1) in 65% yield. When this mixture is 
heated (~200 °C), a facile dehydration-decarbethoxylation 
occurs to give the a,/?-unsaturated ketone 39 as the only ob
served product (83%). This interesting transformation, which 
may involve the intermediary of lactone 40 and a Stobbe-like 
elimination, constitutes an attractive alternative to the Wit- 
tig-Emmons-type routes to a,/3-unsaturated ketones.

Rearrangement of the isomerically pure exo and endo ter
tiary alcohols 22f and 23f and the exo/endo mixture 24i,25i 
using a catalytic amount of TsOH in acetic acid, as well as the 
pure exo and endo alcohols 22h,23h using 0.5 equiv of TsOH 
in acetic acid, proceeded analogously to that described above 
for the /3-hydroxy acid/esters to give the bicyclo[3.2.1]octenes 
shown in Table II. In marked contrast to the «,/3-unsaturated 
esters 26 and 27,28, the conjugated dienone 39 underwent 
facile rearrangement when treated with catalytic TsOH in 
acetic acid to give a mixture of the nonconjugated and con
jugated bicyclo[3.2.1]octenones 33j and 35j (Table II). When 
dienones 38 and 39 were treated with 1 equiv of TsOH in acetic 
acid, the exclusive products observed were the conjugated 
derivatives 41 and 35j. Presumably, the conjugated tricyclic 
ketone 41 is formed by acid-catalyzed aldol cyclization of the 
corresponding conjugated bicyclic enone 34g. Appropriate 
control experiments revealed that while the nonconjugated 
ketones 32g and 33j were moderately stable to catalytic TsOH 
in acetic acid, exposure of these substances to 1 equiv of TsOH 
in acetic acid resulted in rapid and essentially quantitative 
rearrangement to the conjugated species 41 and 35j. Although 
no detailed kinetic studies were conducted, a qualitative es
timate of the relative rates of initial rearrangement of dienone 
39 and the nonconjugated product 33j suggests that both 33j 
and the conjugated product 35j are primary rearrangement 
products. In separate experiments it was shown that the al
ternative aldol product 42, prepared readily from 32g by base 
treatment, was stable to exposure to 1 equiv of TsOH in acetic 
acid at reflux, as was the nonconjugated y-phenylthiopropyl 
bridgehead-substituted derivative 32h.

Discussion
The experimental results summarized in Tables I and II 

show that both tertiary alcohols 4 and dienes 5 function as 
efficient precursors of bridgehead-substituted bicyclo[3.2.1]- 
octene derivatives 9 and 10. The qualitative differences in the 
rearrangement conditions required for these two substrates, 
catalytic TsOH for the tertiary alcohols 4 and, in general, 1

Table II. Rearrangement of Bicyclo[2.2.2]octenes to 1- 
_Propyl and 1-ButylhicycIo [3.2.1 ]octcne Derivatives

substrate______ conditions______products (yield, %)

alcohols
22f a 32g (96)
23f a 32g (28), 34g (56)
22h c 32h (90)
23h c 32h (24), 34h (64)
24i,25i (2:1) a 33j (36), 35j (36)

dienes
38 b 41 (96)
39 a 33j (19), 35j (57)
39 b 35j (85)

a'6 See footnotes a and b in Table I.c TsOH (0.5 equiv) in acetic 
acid, A, 20 h.

prepared as the major or exclusive products from the 1-me- 
thoxy series exo alcohols 22 and 24 as well as from the a,(3- 
unsaturated esters 26 and 27,28. Alternatively, the preparation 
of bicyclo[3.2.1]octene derivatives containing functionality 
only in the three-carbon bridge, e.g., 29,30,34, and 35, can be 
realized from the 1-H series exo/endo alcohols 21, the 1- 
methoxy series endo alcohols 23 and 25, and the diene pre
cursors containing a ketone group substituent, e.g., 38 and
39.

The regioselectivity observed in the rearrangement of the 
1-methoxy series exo alcohols 22 and 24 can be rationalized 
satisfactorily by postulating solvolysis of the tertiary hydroxyl 
group with concomitant participation of the double bond to 
furnish a cyclopropylcarbinyl intermediate, e.g., structure 43. 
equiv of TsOH for the dienes 5, suggest that the dienes 5 are 
not intermediates in the rearrangement of the tertiary alcohols
4. In tenons of the actual synthetic goals, the nonconjugated 
bicyclo[3.2.1]octenone derivatives containing differentiated 
functionality in two bridges, e.g., 32 and 33, can be readily

43 4 4

Assisted fragmentation of 43 (see arrows) yields intermediate 
44, which after hydrolysis gives the nonconjugated bicy- 
clo[3.2.1]octenones 32,33. The facile fragmentation of cation 
43 thus accounts for the exclusive migration of the trans an
tiparallel vinyl carbon atom observed in the rearrangement 
of these e*o-bicyclo[2.2.2]octenols.

The predominant formation of the conjugated bicy- 
clo[3.2.1]octenones 34 and 35 from rearrangement of the 1- 
methoxy series endo alcohols 23 and 25 suggests that these 
products are formed via a concerted trans antiparallel mi
gration (pinacol-type) in which some crossover occurs to give 
products formally derived from the cyclopropylcarbinyl in
termediate 43.

In contrast to the 1-methoxy series substrates, the reg
ioselectivity observed in the 1-H series exo/endo alcohols 21 
appears to involve acid-catalyzed solvolysis of 21 to give cation 
45 with concomitant hydrolysis of the tert-butyl ester, rear
rangement of 45 to the thermodynamically more stable allylic 
carbonium ion 46, and finally intramolecular trapping of 
cation 46 by the carboxyl group via the less strained transition 
state to give the cis-fused cyclohexene 7-lactone moiety. De- 
localization of the cation 45 by r-botid participation to give 
the cyclopropylcarbinyl species 47 may occur, but in the ab
sence of the bridgehead methoxy group (e.g., 43), formation
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of the isolated secondary carbonium ion 48 (and/or lactone 
31) is apparently not competitive with the formation of the 
resonance-stabilized cation 46.

The rearrangement of the 1-methoxy series a,/3-unsaturated 
diene precursors presumably is initiated by initial protonation 
on the oxygen atom of the carbonyl moiety to generate cation
49.20 The preferential formation of the nonconjugated prod
ucts 32,33 from the a,/3-unsaturated ester substrates 26 and
27.28 suggests the intermediacy of the cyclopropylcarbinyl 
cation 43 followed by fragmentation as described above. The 
greater regioselectivity shown by the 5-methyl precursors
27.28 as compared to the 4-methyl derivative 26 may be a re
flection of the relative stabilities of the cyclopropylcarbinyl 
cations 43 (R2 = CH3 vs. R2 — H). The decreased rearrange
ment regioselectivity exhibited by the «/i-unsaturated ketone 
39, as well as the relative ease with which enone 39 undergoes 
rearrangement as compared to the a,/3-unsaturated esters 
27,28, apparently reflects the relative stability of the initial 
protonation species 49 (R' = CH3 or R' = OH).

Lastly, the rearrangement of the nonconjugated 1-ke- 
toalkylbicyclo[3.2.1]oct-6-en-2-ones 32g and 33j to furnish 
the conjugated derivatives 34g and 35j is a mechanistically 
interesting and a synthetically useful observation. Of the 
various bridgehead substituent functional groups examined,
e.g., aryl, carboxyl, thioether, and keto, only those bicy- 
clo[3.2.1]octenone substrates containing a C-l keto alkyl 
substituent undergo further rearrangement when exposed to 
1 equiv of TsOH in acetic acid. As shown in Scheme III, this 
rearrangement is postulated to involve intramolecular par
ticipation of the C-l substituent ketone group to give the ox
onium ion 50, which then rearranges to the more stable allyl 
oxonium ion 51. Thus, both structural series, 9 and 10, can be 
conveniently obtained when a C-l keto alkyl substituent is 
present.

Experimental Section
General. Melting points were determined on a Mel-Temp appa

ratus and are uncorrected. Infrared spectra were obtained on a Per- 
kin-Elmer Model 237B grating infrared spectrometer; nuclear mag
netic resonance spectra were measured on Varian Associates Model 
A-60 and HA-100 or Perkin-Elmer Model R-12 spectrometers, and 
chemical shifts are reported in parts per million downfield (6) from 
internal Me4Si; and ultraviolet spectra were recorded on a Cary Model 
14 spectrometer. Low-resolution mass spectra were obtained on a 
DuPont Model 21-491 mass spectrometer and high-resolution spectra 
on a CEC Model 21-100 mass spectrometer. Organic solutions were

Scheme III

Ho^ricH2>n
51

routinely dried over anhydrous MgS04. Combustion analyses were 
performed by Chemalytics Inc., Tempe, Ariz.

l-Methoxy-4-methylbicyclo[2.2.2]oct-5-en-2-one (12). Crude 
chloronitriles 15 (42.3 g, 0.2 mol) and Na2S-9H20 (144 g, 0.6 mol) were 
dissolved in 95% ethanol (400 mL) and water (200 mL). The mixture 
was heated at reflux under N2 for 15 h, cooled, and extracted with 
benzene/ether (1:3). The combined organic extracts were washed with 
brine, the solvent was evaporated, and the residue was distilled to give 
25 g (75%) of the known6 4-methyl ketone 12: bp 79-81 °C (0.6 mm); 
IR (CHC13) 1730 cm“ 1; NMR (CC14) 5 1.27 (s, 3), 1.35 (2.20 (m, 6), 3.45 
(s, 3), 6.05 (d, 1 ,J  = 8.6 Hz), and 6.22 (d, 1, J  = 8.6 Hz); mass spec
trum, m/e (relative intensity) 166 (5, M+), 151 (5), 138 (10), 124 (100),
109 (60), 91 (20), and 67 (20).

l-Methoxy-5-methylbicyclo[2.2.2]oct-5-en-2-one (13). A. Using 
the procedure described above for the 4-methyl ketone 12, reaction 
of chloronitrile mixture 18a,b with Na2S-9H20 (0.1-mol scale) yielded 
pure 5-methyl ketone 13 in 20-40% yield: bp 68-72 °C (0.2 mm); IR 
(CHCI3) 1730 c m '1; NMR (CDC\3) 51.4-2.1 (m, 4), 1.87 (d, 3, J = 1.5 
Hz), 2.0 (d, 2,J  = 2.5 Hz), 2,67 (m, 1), 3.43 (s, 3), and 5.77 (m, 1); mass 
spectrum, m/e (relative intensity) 166 (6), 138 (38), 124 (50), 123 (100),
110 (54), 109 (53), and 91 (36).

Anal. Calcd for Ci0H14O2: C. 72.26; H, 8.49. Found: C, 71.95; H, 
8.49.

B. Nitrile 18c (56.5 g, 0.32 mol) in THF (100 mL) was added 
dropwise at —73 °C to a stirred solution of lithium diisopropylamide 
(0.33 mol), prepared by the dropwise addition of n-butyllithium (2.23 
M, 148 mL, 0.33 mol) to diisopropylamine (33.3 g, 0.33 mol) in THF 
(250 mL) at -7 8  °C under N3. After stirring for 1 h, oxygen (dried by 
passing through a KOH tower) was bubbled into the lithionitrile so
lution at —78 °C for 5 h. The reaction was quenched with 1 M sodium 
sulfite (300 mL) and allowed to stir for 30 min at 0 °C and then for 12 
h at 25 °C. The reaction mixture was extracted with ether, and the 
combined organic extracts were washed with 2 N sodium hydroxide 
and saturated brine solution and then dried. The solvent was evap
orated and the residue distilled to give 37.7 g (70%) of ketone 73, bp 
80-85 °C (0.6 mm). This material was identical by NMR and IR with 
that prepared by method A.

l-Methoxy-4-methyI-I,4-cycIohexadiene (14). Lithium wire 
(11.2 g, 1.6 g-atom) was added in small pieces to a stirred solution of 
p-methylanisole (48.8 g, 0.4 mol), iert-butyl alcohol (200 mL), and 
THF (200 mL) in liquid ammonia (1000 mL). After stirring for 1 h, 
methanol (80 mL) was added dropwise and the ammonia was allowed 
to evaporate. Water and ether were added, the organic phase was 
separated, the aqueous phase was extracted with fresh ether, and the 
combined organic phases were washed with a saturated brine solution 
and then dried (K2CO3). The organic solvent was evaporated and the 
residue distilled to give 38.9 g (78%) of pure diene 14: bp 71-73 °C (23 
mm) [lit.21 bp 74 °C (17 mm)]; NMR (CC14) 5 1.67 (broad s, 3), 2.63 
(broad s, 4), 3.46 (s, 3), 4.46 (m, 1), and 5.28 (m, 1).

l-Methoxy-2-chloro-2-cyano-4-methylbicyclo[2.2.2]oct-5-ene 
(15). Diene 14 (6.2 g, 0.05 mol) was added dropwise to a solution of 
freshly distilled 2-chloroacrylonitrile (8.8 g, 0.1 mol) and phenothi- 
azine (50 mg) in benzene (45 mL). The resulting mixture was treated 
at reflux for 9 h under N2. The benzene and excess 2-chloroacryloni
trile were removed by distillation, and the residue solidified on 
standing at 0 °C to give 9.9 g (85%) of a mixture of known6 bicyclic 
chloronitriles 15; crystallization from hexane yielded a single epimer 
of 15: mp 64-65 °C; IR (CHC13) 2240 cm "1; NMR (CC14) 5 1.18 (s, 3),
1.35,2.50 (m, 6), 3.48 (s, 3), 6.04 (d, 1 ,J  = 8.6 Hz), and 6.23 (d, 1, J  =
8.6 Hz); mass spectrum, m/e (relative intensity) 211 (very weak) 183 
(5), 175 (2), 160 (2), 148 (30), 124 (100), 109 (35), 91 (6), and 77 (8).

l-Methoxy-5-methyl-l,4-cyclohexadiene (16) was prepared 
from m-methylanisole using the procedure described above in 80% 
yield: bp 77-79 °C (25-28 mm) [lit.22 bp 75-77 °C (aspirator pres
sure)]; IR (CHCI3) 1700 and 1670 cm“ 1; NMR (CC14) & 1.68 (s, 3), 2.59 
(m, 4), 3.46 (s. 3), 4.50 (m, 1), and 5.31 (m, 1); mass spectrum, m/e 
(relative intensity) 124 (100), 123 (31), 122 (31), 109 (76), and 91
(28).

l-Methoxy-2-chloro-2-cyano-5-methylbicyclo[2.2.2]oct-5-ene 
(18a,b). Using the general procedure described above for 15 with the 
crucial modification that the benzene solvent was distilled from 
LiAlH4 prior :,o use, diene 16 and 2-chloroacrylonitrile furnished a 
quantitative yield of crude cycloaddition products. VPC analysis 
(QF-1, 180 °C) revealed a 9:1 mixture of 18a,b and the enol ether of
19. This mixture was separated by chromatography on AI2O3 using 
hexane/ethyl acetate to give a 2:1 mixture of chloronitriles 18a,b 
(90%): NMR (CC14) & 1.33-2.75 (m, 7), 1.83 (d, 3, J = 1.5 Hz), 3.44 (s,
3), 5.8 (m, 0.67), and 5.95 (m, 0.33).

Crystallization of this mixture from hexane yield the pure exo ni- 
trile-endo chloro derivative 18a: mp 85-87 °C; IR (CC13) 2250 and
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1650 cm -1; NMR (CDClg) 8 1.33-2.75 (m, 7), 1.83 (d, 3, J = 1.5 Hz), 
3.44 (s, 3), and 5.75 (m, 1); mass spectrum, m/e (relative intensity) 211
(1), 148 (33), 124 (100), and 109 (78).

Anal. Calcd for Cn H14ClNO; C, 62.40; H, 6.67; Cl, 16.75; N, 6.62. 
Found: C, 62.44; H, 6.67; Cl, 16.92; N, 6.56.

Treatment of the minor chromatography fraction with dilute hy
drochloric acid furnished, after crystallization from ether/hexane, a 
material tentatively assigned structure 19: mp 160-162 °C; IR (CCI4) 
1745 cm -1; NMR (CDCI3) 8 1.31 (s, 3) and 1.7-3.15 (m, 9); mass 
spectrum, m/e (relative intensity) 199 (5), 197 (14), 124 (80), 118 (57), 
110 (100), 109 (47), 95 (75), 77 (50), 55 (80), 41 (62), 39 (67), and 27
(43).

Anal. (CxoHl2NOCl): calcd mol wt, 197.0607; found, 197.0615.
1- Methoxy-2-cyano-5-methylbicyclo[2.2.2]oct-5-ene (18c).

A mixture of diene 16 (44.0 g, 0.36 mol), acrylonitrile (37.6 g, 0.71 mol), 
and hydroquinone (10 mg) was placed in a stainless steel bomb and 
heated at 120 °C for 16 h. After cooling, the reaction mixture was 
dissolved in ether and filtered through AI2O3. Distillation gave 49.1 
g (76%) of a 1:1 mixture of nitriles 18c: bp 107-110 °C (0.5 mm); IR 
(CHCI3) 2225 c m '1; NMR (CCU) 5 1.26-2.9 (m, 8), 1.80 (d, 1.5, J =
1.5 Hz), 1.85 (d, 1.5, J = 1.5 Hz), 3.35 (s, 3), and 5.9 (m, 1); mass 
spectrum, m/e (relative intensity) 177 (5), 130 (27), 124 (100), 123 (57), 
109 (75), and 91 (22). VPC analysis (5% SE 30,180 °C) indicated a 1:1 
mixture of isomers.

Alternatively, reduction of chloronitrile 18a with lithium in liquid 
ammonia furnished nitrile 18c in 72% yield.

Anal. Calcd for Cn Hi5NO: C, 74.54; H, 8.53; N, 7.90. Found: C, 
74.28; H, 8.34; N,8.19.

tert-Butyl 2-(2-Hydroxybicyclo[2,2.2]oct-5-en-2-yl)propio- 
nate (21). A solution of ketone l l 5 (48.9 g, 0.44 mol) and tert-butyl 
2-bromopropionate23 (109.0 g, 0.52 mol) in THF (300 mL) was added 
gradually to a mixture of magnesium24 (18.3 g, 0.8 g-atom), iodine (one 
crystal), and methyl iodide (3 drops) in THF (300 mL) heated at reflux 
under N2. After the vigorous reaction subsided, the mixture was 
heated at reflux for an additional 12 h and then cooled and added to 
ice-cold 1 M sulfuric acid (1 L). This resulting mixture was extracted 
with ether. After drying, the ether was evaporated and the residue was 
distilled to give 90.8 g (81%) of product 21, which contained two major 
components by TLC: bp 91-92 °C (0.1 mm); IR (CCI4) 3479 and 1700 
cm“ 1; NMR (CC14) 8 1.0-2.7 (m, 12), 1.45 (d, 9, J  = 3 Hz), 3.3-3.7 (m, 
1), and 6.18 (m, 2).

Anal. Calcd for C15H24O3: C, 71.39; H, 9.59. Found: C, 70.99; H,
9.59.

Ethyl (l-Methoxy-2-hydroxy-4-methylbieyclo[2.2.2]oct-5- 
en-2-yl)acetate (22a,23a). Using the general procedure of Rathke,llb
4-methyl ketone 12 (13.3 g, 0.08 mol), activated25 zinc (8.8 g, 0.12 g- 
atom), and ethyl bromoacetate (13.3 g, 0.12 mol) in THF (25 mL) and 
trimethyl borate (25 mL) yielded, after 48 h at room temperature, 4.0 
g of recovered 4-methyl ketone 12 and 11.0 g (80%) of a 1:1 mixture 
(by NMR) of hydroxy esters 22a and 23a, bp 117-125 °C (0.4 mm), 
which could not be separated by crystallization or chromatography: 
IR (CHCI3) 3530,1715, and 1600 cm“ 1; NMR (CC14) 8 1.10 (s, 1.5), 1.13 
(s, 1.5), 1.25 (t, 3, J = 7.0 Hz), 3.32 (s, 1.5), 3.37 (s, 1.5), 4.0 (q, 2, J = 
7.0 Hz), and 6.0 (m, 2); mass spectrum, m/e (relative intensity) 254 
(very weak, M+), 237 (5), 209 (10), and 124 (100).

Anal. Calcd for C14H22O4: C, 66.12; H, 8.72. Found: C, 65.85; H,
8.86.

2- (2-[l-Methoxy-2-hydroxy-4-methylbicyclo[2.2.2]oct-5-en- 
2-yl]ethyl)-2-methyl-l,3-dioxolane (22f,23f). A solution of the 
Grignard reagent 37b prepared from 2-(2-bromoethyl)-2-methyl-
1,3-dioxolane (1.95 g, 10 mmol) using the procedure of Ponaras18b was 
added at 0 °C to a stirred solution of 4-methyl ketone 12 (1.40 g, 8.4 
mmol) in THF (10 mL). After stirring for 5 h at room temperature, 
the reaction mixture was added to ammonium chloride (20%, 40 mL) 
and extracted with ether. The combined extracts were washed with 
water and then brine, dried, and evaporated to yield 2.1 g (87.5%) of 
crude product. Chromatography of a portion of this crude product 
(1.0 g) on silica gel using ether/pentane (1:1) yielded recovered 4- 
methyl ketone 12 (150 mg), pure liquid eredo-hydroxy ketal 23f (240 
mg, 27% overall yield), and crystalline exo-hydroxy ketal 22f (600 mg, 
68% overall yield). Pure 22f could also be obtained by crystallization 
of the crude product from ether/pentane. Pure 23f: NMR (CCD b 1.12 
(s, 3), 1.25 (s, 3), 1.30-2.00 (m, 10), 3.40 (s, 3), 3.86 (s, 4), 5.94 (d, 1, J 
= 9.0 Hz), and 6.26 (d, 1, J  = 9.0 Hz); mass spectrum, m/e (relative 
intensity) 282 (very weak), 267 (1), 221 (3), 167 (1), 135 (5), 124 (100), 
109 (20), and 87 (15).

Anal. (C16H26O4); calcd mol wt, 282.1834; found, 282.1843.
Pure 22f: mp 68.5— 69.5 °C; NMR (CC14) 6 1.10 (s, 3), 1.20 (s, 3), 

1.25-2.00 (m, 10), 3.32 (s, 3), 3.81 (s, 4), 5.82 (d, 1,J = 9.0 Hz), and 6.20 
(d, 1, J = 9.0 Hz); mass spectrum, m/e (relative intensity) 282 (very 
weak), 267 (1), 221 (1), 162 (1), 138 (9), 124 (100), 109 (22), and 87

A n a l .  C a l c d  f o r  C 16 H 260 4: C ,  68.08; H ,  9.22. F o u n d :  C ,  68.02; H ,

9.54.
1- Methoxy-2-hydroxy-2-(7-phenylthiopropyl)-4-methylbi- 

cyclo[2.2.2]oct-5-ene (22h,23h). The Grignard reagent183 generated 
from 3-bromopropyl phenyl sulfide (1.62 g, 7 mmol) and magnesium 
(170 mg, 7 mmol) in ether (10 mL) was added dropwise to the 4- 
methyl ketone 12 (500 mg, 3 mmol) in ether (10 mL) in an ice-water 
bath. After stirring for 6 h at room temperature, the reaction mixture 
was added to ammonium chloride (30 mL) and extracted with ether. 
The combined extracts were washed with water and then brine, dried, 
and evaporated to yield 950 mg («100%) of crude product. Chroma
tography of this crude product on silica gel using ether/pentane (2:1) 
yielded pure liquid ercdo-7 -phenylthio alcohol 23h (200 mg, 21% 
overall yield) and crystalline exo-7-phenylthio alcohol 22h (700 mg, 
74% overall yield). Pure 22h could also be obtained by crystallization 
of the crude product from ether/pentane. Pure 23h: NMR (CCL) b
1.09 (s, 3), 1.20— 2.00 (m, 10), 2.93 (t, 2, J = 6.0 Hz), 3.37 (s, 3), 5.91 
(d, 1, J  = 8 Hz), 6.21 (d, 1, J = 8 Hz), and 7.23 (broad s, 5). Pure 22h: 
mp 72— 73 °C; NMR (CC14) b 1.07 (s, 3), 1.15— 2.0 (m, 10), 2.83 (t, 
2, J = 6 Hz), 3.31 (s, 3), 5.80 (d, 1, J  = 9 Hz), 6.17 (d, 1, J  = 9 Hz), 7.22 
(broad s, 5); mass spectrum (low temperature), m/e (relative intensity) 
318 (30, M+), 286 (5), 261 (3), 205 (10), 191 (12), 152 (10), 136 (10), 124 
(100), and 109 (50).

Anal. Calcd for C19H2602S: C, 71.70; H, 8.18; S, 10.06. Found: C, 
71.88; H, 8.05; S, 9.97.

(l-Methoxy-2-hydrox.v-5-methylbicyclo[2.2.2]oct-5-en-2- 
yl)acetic Acid (24b,25b). To a stirred solution of lithium diisopro- 
pylamide at -2 0  °C, prepared by the dropwise addition of n-butyl- 
lithium in ether (2.23 M, 60 mL, 0.14 mol) to diisopropylamine (14.2 
g, 0.14 mol) in THF (100 mL) at —20 °C, was added a solution of acetic 
acid (4.2 g, 0.07 mol) in THF (10 mL) dropwise. The reaction mixture 
was stirred for 30 min at -2 0  °C and then at 40-50 °C for 1 h. This 
mixture was cooled to 0 °C, the 5-methyl ketone 13 (10.0 g, 0.06 mol) 
in THF (20 mL) was added dropwise, and the resulting mixture was 
stirred at 0 °C for 1 h and then at 25 °C for 12 h. After acidification 
with dilute HC1, the reaction mixture was extracted with ether. The 
combined organic extracts were extracted with 0.3 N NaOH, and the 
basic aqueous phase was acidified with cold 10% HC1 and then ex
tracted with ether to yield 5.5 g (81% based on 48% conversion) of a 
1:1 mixture (by NMR) of hydroxy acids 24b and 25b: IR (CHCI3) 
3350-2850,1700, and 1645 cm-1. Crystallization of this mixture from 
ether yielded pure endo isomer 25b: mp 105-107 °C; NMR (CDCR) 
b 1.37-1.90 (m. 6), 1.85 (d, 3, J = 1.5 Hz), 2.35 (m, 1), 2.49 (d, 1, J = 
15 Hz), 2.92 (d, l ,J  = 15 Hz), 3.39 (s, 3), and 5.9 (m, 1); mass spectrum, 
m/e (relative intensity) 180 (13), 138 (29), 124 (100), 123 (67), 109 (52), 
and 91 (41). The mother liquors contained a 2:1 mixture of 24b and 
25b. The characteristic NMR signals of 24b were (CDCI3) 5 2.44 (d, 
1, J = 15 Hz) and 2.77 (d, 1, J = 15 Hz).

Anal. Calcd for Ci2H i80 4: C, 63.70; H, 8.02. Found: C, 63.78; H,
7.75.

2- (l-Methoxy-2-hydroxy-5-methylbicyclo[2.2.2]oct-5-en-2- 
yl)propionic Acid (24c,25c). Using the general procedure described 
above, 5-methyl ketone 13 (4.5 g, 27 mmol) and propionic acid (2.0 
g, 27 mmol) furnished 2.3 g (64% based on 56% conversion) of a 2:1 
mixture (by NMR) of 24c and 25c. The major component was ob
tained by crystallization from acetonitrile and was assigned structure 
24c: mp 134-135 °C; IR (CHC13) 3500-2500 and 1695 cm "1; NMR 
(CDCI3) 8 1.05-2.6 (m, 8), 1.18 (d, 3, J = 7 Hz), 1.77 (d, 3, J = 1.5 Hz),
3.29 (s, 3), and 5.92 (m, 1); mass spectrum, m/e (relative intensity) 194
(2), 124 (100), and 109 (41). The mother liquors contained a 1:1 mix
ture of 24c and 25c. The characteristic NMR methyl signal for 25c 
was (CDCL) 5 1.22 (d, 3, J = 7 Hz).

Anal. C a l c d  for C i 3H 2o 0 4: C ,  64.98; H ,  8.39. Found: C ,  65.26; H , 
8.39.

(1 -Methoxy-2-hydroxy-5-methylbicyclo[2.2.2]oct-5-en-2- 
yl)phenylacetic Acid (24d,25d). Using the general procedure de
scribed above, 5-methyl ketone 13 (2.0 g, 12 mmol) and phenylacetic 
acid (1.63 g, 12 mmol) furnished 1.7 g (60% based on 78% conversion) 
of a 2:1 mixture (by NMR) of 24d and 25d. The major component was 
obtained by crystallization from acetonitrile and was assigned 
structure 24d: mp 189-191 °C; IR (CHC13) 3450,3300-2800, and 1700 
cm“ 1; NMR (CDC13) 8 1.14-2.34 (m, 7), 1.77 (d, 3, J = 1.5 Hz), 3.20 
(s, 3), 3.48 (s, 1), 5.95 (m, 1), and 7.18-7.62 (m, 5); mass spectrum, m/e 
(relative intensity) 256 (4), 138 (78), 136 (48), 124 (100), 123 (95), 118
(50), 110 (85), 109 (73), 91 (71), and 65 (60). The mother liquors con
tained a 1:1 mixture of 24d and 25d. The characteristic NMR methine 
signal for 25d was (CDCI3) 8 3.50 (s, 1).

A n a l .  C a l c d  f o r  C 18 H 220 4: C, 71.50; H , 7.33. F o u n d :  C, 71.63; H ,
7.32.

(1 -Methoxy-2-hydroxy-5-methylbicyclo[2.2.2]oct-5-en-2-

(30).
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yl)-m-methoxyphenylaeetic Acid (24e,25e). Using the general 
procedure described above, 5-methyl ketone 13 (4.0 g, 24 mmol) and 
m-methoxy phenylacetic acid (4.32 g, 26 mmol) furnished 4.97 g (83% 
based on 75% conversion) of a 4:1 mixture (by NMR) of 24e and 25e. 
The major component was obtained by crystallization from acetoni
trile and was assigned structure 24e: mp 186-187 °C; IR (CHC13) 3400, 
3300-2800, and 1700 cm -1; NMR (CDC13) fi 1.17-2.33 (m, 7), 1.75 (d, 
3, J = 1.5 Hz), 3.22 (s, 3), 3.45 (s, 1), 3.77 (s, 3), 5.95 (m, 1), and 6.7-7.» 
(m. 4); mass spectrum, m/e (relative intensity) 286 (5), 166 (75), 148
(76), 138 (52), 124 (100), 123 (87), 121 (78), 110 (36), 109 (30), and 91
(52). The mother liquors contained a 1:1 mixture of 24e and 25e. The 
characteristic NMR methine signal for 25e was (CDC13) 5 3.49 (s, 
1).

Anal. Calcd for C19H24O5: C, 68.65; H, 7.28. Found: C, 68.67; H,
7.48.

Methyl 4-(l-Methoxy-2-hydroxy-5-methylbicyclo[2.2.2]oct- 
5-en-2-yl)-3-oxobutanoate (24i,25i). Methyl acetoacetate (0.70 g,
6 mmol) was added dropwise to the cooled slurry of sodium hydride 
(0.30 g, 7 mmol) in THF (25 mL) at 0 °C. After stirring for 10 min at 
0 °C, n-butyllithium (4.5 mL, 1.6 M, 7 mmol) was added dropwise, 
and the reaction was allowed to stir at 0 °C for 10 min. The 5-methyl 
ketone 13 (1.00 g, 6 mmol) was added in one portion, and the reaction 
mixture was stirred at 0 °C for 30 min and then at 25 °C for 2 h. 
Concentrated hydrochloric acid (2 mL), water (100 mL), and ether 
(35 mL) were added, the reaction mixture was extracted with ether, 
and the combined organic extracts were washed with brine, dried, and 
then evaporated to give a residue which was purified by chromatog
raphy on AI2O3 with hexane/ethyl acetate to give 1.12 g (65%) of a 2:1 
mixture (by NMR) of 24i and 25i which was not separated: IR (CCI4) 
3500, 1750, 1705, and 1625 cm“ 1; NMR (CDC13) S 1.3-3.05 (m, 10),
1.75 (d, 2 , J  = 1.5 Hz), 1.81 (d, 1, J  = 1.5 Hz), 3.34 (s, 2), 3.39 (s, 1), 3.54 
(s, 1.33), 3.64 (s, 0.67), 3.73 (s, 3), and 5.7-5.93 (m, 1); mass spectrum, 
m/e (relative intensity) 264 (2), 124 (100), 123 (50), 109 (45), and 91
(23).

Anal. (C15H22O5): calcd mol wt for M + — 18, m/e 264.1362; found, 
m/e 264.1361.

Ethyl (l-M ethoxy-4-m ethylbicyclo[2.2.2]oct-5-en-2-yli- 
dine)acetate (26). Thionyl chloride (0.57 g, 4.8 mmol) was added 
dropwise to a stirred solution of /i-hydroxy esters 22a/23a (1.00 g, 4 
mmol) in pyridine (10 mL) at 0 °C. After the addition was completed, 
the mixture was allowed to warm to 25 °C. It was stirred for 1 h, 
poured into ice water, and, after acidification with 20% HC1, extracted 
with ether. After drying, evaporation of the ether yielded 700 mg (74%) 
of crude liquid diene 26, which could be purified by chromatography 
on alumina with pentane/ether (2:1). Diene 26: IR (CHCI3) 1705 and 
1650 cm“ 1; NMR (CC14) 6 1.23 (t, 3, J = 8 Hz), 1.25 (s, 3), 1.40-~3.00 
(m, 6), 3.41 (s, 3), 4.07 (q, 2, J  = 8.0 Hz), 5.81 (t, 1, J = 2.0 Hz), 6.00 
(d, 1, J -  8.0 Hz), 6.21 (d, 1, J  = 8.0 Hz); mass spectrum, m/e (relative 
intensity) 236 (5, M+), 208 (100), 179 (18), 162 (50), 147 (25), 135 (20), 
121 (15), and 91 (14).

Anal. Calcd for C14H20O3: C, 71.19; H, 8.47. Found: C, 70.27; H,
8.19.

Ethyl (l-Methoxy-5-methylbicyclo[2.2.2]oct-5-en-2-yli- 
dene)acetate (27,28). Method A. Thionyl chloride was added 
dropwise to a solution of /3-hydroxy esters 24a/25a (5.1 g, 0.02 mol) 
in pyridine (25 mL) at 0 °C. The reaction mixture was stirred for 8 h 
as it warmed to room temperature and then poured into ice. The 
mixture was acidified with 10% HC1 and extracted with ether. The 
ether solution was washed with H2O and dried. The solvent was 
evaporated at reduced pressure, and the residue was distilled to give
1.7 g (36%) of diene 27: bp 125-130 °C (0.7 mm); IR (CC14) 1710 and 
1640 cm -1; NMR (CDCI3) 6 1.26 (t, 3, J = 7 Hz), 1.83 (d, 3, J = 1.5 Hz), 
1.43-2.75 (m, 7), 3.46 (s, 3), 4.06 (q, 2, J = 7 Hz), and 5.82 (m, 2); mass 
spectrum, m/e (relative intensity) 236 (17, M+), 208 (100), 179 (53), 
135 (40), 124 (33), and 91 (28).

Method B. n-Butyllithium (1.33 M, 15 mL, 20 mmol) was added 
dropwise to a solution of diisopropylamine (2.02 g, 20 mmol) in tet- 
rahydrofuran (100 mL) at —70 °C. After 15 min, ethyl trimethylsil- 
ylacetate (3.2 g, 20 mmol) was added dropwise over a 10-min period 
and the mixture was stirred for 10 min at —70 °C. Ketone 13 (1.66 g, 
10 mmol) in tetrahydrofuran (20 mL) was added dropwise, and the 
resulting solution was stirred at -7 0  °C for 1 h, at —25 °C for 1 h, and 
at 25 °C for 6 h. The mixture was acidified with 10% HC1 and ex
tracted with ether. The ether solution was washed with H2O and dried. 
The solvent was evaporated in vacuo, and the residue was chroma
tographed (AI2O3, hexane/ethyl acetate) to give 1.40 g (60%) of a 2:1 
mixture (NMR) of dienes 27 and 28. The distinguishing NMR signals 
(CDCI3) for 28 were S 1.31 (t, 3, J = 7 Hz), 3.35 (s, 3), 4.20 (q, 2, J  =
7 Hz). 5.56 (t, 1, J = 2 Hz), and 5.89 (m, 1).

Anal. (C14H20O3): calcd mol wt, 236.1421; found, 236.1419.
Rearrangement of 2-Hydroxybicyclo[2.2.2]oct-5-en-2-yl

Derivatives: General Procedures. A. A mixture in the approximate 
ratio of bicyclic alcohol or diene (1 mmol), acetic acid (10 mL), and 
p-toluenesulfonic acid (ca. 10 mg) was heated at reflux for 4 h, and 
then the acetic acid was evaporated at reduced pressure and the 
product was isolated by normal workup.

B. This was identical with procedure A, except that 1 mmol of p- 
toluenesulfonic acid was used per 1 mmol of bicyclic substrate.

Rearrangement of hydroxy esters 21 (90.8 g, 0.38 mol) using 
procedure A yielded 48.2 g (70%) of 2-methyl-4-oxa- 
tricyclojb^.l.O15]undec-6-en-3-one (29/30). Fractional crystallization 
from ethyl acetate/ether yielded one pure epimer: mp 105-105.5 °C; 
IR (CC14) 1775 cm“ 1; NMR (CDCI3) 6 1.25 (d, 3, J  = 8 Hz), 1.3-2.0 (m,
6), 2.42 (q, 1, J  = 7 Hz), 2.6 (m, 1), 4.45 (dd, 1, J  =  4 and 1 Hz), 5.7 (dd, 
1, J = 10 and 4 Hz), and 6.4 (dd, 1, J = 10 and 6 Hz). Fractional 
crystallization from n-hexane yielded the other epimer: mp 57-58 °C; 
IR (CC14) 1775 cm“ 1; NMR (CDCI3) <51.1 (d, 3, J = 8 Hz), 1.2-2.0 (m,
6), 2.6 (m, 1), 2.75 (q, 1, J  = 7 Hz), 4.25 (dd, 1, J  = 4 and 1 Hz), 5.7 (dd, 
1, J  = 10 and 4 Hz), and 6.4 (dd, 1, J -  10 and 6 Hz). When treated 
with sodium methoxide, the two epimers were interconverted and the 
mp 105 °C epimer predominated at apparent equilibrium. Mass 
spectrum, m/e /relative intensity) 178 (9), 176 (49), 161 (36), 148 (70), 
123 (43), 106 (47), 105 (100), 91 (73), 79 (51), and 69 (45).

Anal. Calcd for C11H14O2: C. 74.13; H, 7.92. Found: C, 74.01; H,
7.56.

Rearrangement of hydroxy esters 22a,23a (1:1, 2.0 g, 8.0 mmol) 
using procedure A yielded 1.30 g (73%) of a 2:1 mixture (by NMR) of 
esters 32a and 34a and 325 mg (21%) of a 1:1 mixture (by NMR) of 
acids 32b and 34b. Hydrolysis of esters 32a,34a with aqueous 
methanolic KOH gave, in 80% yield, acids 32b and 34b. This mixture 
of acids was separated by fractional crystallization from ether/pentane 
to give (5-methylbicyclo[3.2.1]oct-6-en-2-on-l-yl)acetic acid (32b) 
[mp 60-61 °C; IR (CHC13) 3600,3400-2800, and -1710 (broad) cm“ 1; 
NMR (CDCI3) 51.25 (s, 3), 1.3-2.0 (m, 4), 2.05 (m, 2), 2.60 (s, 2), and
5.95 (s, 2); mass spectrum, m/e (relative intensity) 194 (10, M +), 176 
(20), and 93 (103). Anal. Calcd for C11H14O3: C, 68.04; H, 7.22. Found: 
C, 67.73; H, 7.44.] and (5-methylbicyclo[3.2.1]oct-3-en-2-on-l-yl)acetic 
acid (34b) [mp 121-123 °C; IR (CHCI3) 3400-2800, 1710, and 1675 
cm "1; NMR (CDC13) 5 1.35 (s, 3), 1.5-2.3 (m, 6), 2.50 (d, 1, J  = 17 Hz),
2.95 (d, 1, J = 17 Hz), 5.93 (d, 1, J  = 9.0 Hz), and 7.07 (dd, 1, J  = 9 and 
2 Hz); mass spectrum, m/e (relative intensity) 194 (60, M+), 176 (60), 
166 (30), 148 (50), 138 (40), 134 (20), 120 (15), 105 (30), and 95 (100). 
Anal. Calcd for CnHuCH: C, 68.04; H, 7.22. Found: C, 67.87; H, 
7.52.].

Rearrangement of exo-hydroxy acid 24c (0.24 g, 1 mmol) using 
procedure A yielded 0.18 g (90%) of 2-(6-methylbicyclo[3.2.1]oct-6- 
en-2-on-l-yl)propionic acid (33e): mp 123-125 °C; IR (CHCI3) 
3400-2800 and 1710 cm“ 1; NMR (CDC1S) 6 1.14 (d, 3, J  = 7 Hz), 1.83 
(d, 3, J = 1.5 Hz), 1.75-2.8 (m, 7), 3.03 (q, 1, J = 7 Hz), 5.3 (m, 1), and 
10.83 (s, 1); mass spectrum, m/e (relative intensity) 208 (23), 152 (57), 
107 (100), and 91 (20).

Anal. Calcd for C12H16O3: C. 69.21; H, 7.74. Found: C, 69.03; H,
8.00.

Rearrangement of exo-hydroxy acid 24d (296 mg, 1 mmol) using 
procedure A gave 247 mg (93%) of (6-methylbicyclo[3.2.1]oct-6-en- 
2-on-l-yl)phenylacetic acid (33d): mp 196-198 °C; IR (CHC13) 
3300-2800 and 1700 cm“ 1; NMR (CDCI3) S 1.5-2.7 (m, 7), 1.68 (d, 3, 
J  = 1.5 Hz), 4.33 (s, 1), 5.24 (m, 1), and 7.28 (s, 5); mass spectrum, m/e 
(relative intensity) 270 (6), 214 (21), 170 (30), 169 (100), 118 (38), and 
91 (60).

Anal. Calcd for Ci7H180 3: C, 75.53; H, 6.71. Found: C, 75.41; H,
6.80.

Rearrangement of exo-hydroxy acid 24e (420 mg, 1.3 mmol) 
using procedure A furnished 380 mg (100%) of (6- 
methylbicyclo[S.2.1]oct-6-en-2-on-l-yl)-m-methoxyphenylacetic acid 
(33e): mp 194-195 °C; IR (CHC13) 3500-2800 and 1700 cm"1; NMR 
(CDCI3) 5 1.5-2.8 (m, 7), 1.68 (d, 3, J = 1.5 Hz), 3.75 (s, 3), 4.25 (m, 1),
6.7-7.25 (m, 4), and 8.4-8.75 (m, 1); mass spectrum, m/e (relative 
intensity) 300 (27), 244 (33), 199 (64), 166 (92), 148 (31), 124 (45), 121 
(100), and 91 (37).

Anal. Calcd for C18H2o04: C, 71.98; H, 6.71. Found: C, 71.69; H,
6.90.

Rearrangement of endo-hydroxy acid 25b (440 mg, 1.9 mmol) 
using procedure A gave 370 mg (100%) of a 2:1 mixture (by NMR) of 
keto acids 35b and 33b. Crystallization of this mixture from ether gave 
the major isomer, (4-methylbicyclo[3.2.1]oct-3-en-2-on-l-yl)acetic 
acid (35b): mp 145-146.5 °C, IR (CHC13) 3500-2600,1710,1670, and 
1630 cm“ 1; NMR (CDC13) 5 1.4-2.9 (m, 6), 2.04 (d, 3, J = 1.5 Hz), 2.50 
(d, 1, J  = 16 Hz), 2.86 (d, 1, J  = 16 Hz), 2.79 (m, 1), 5.69 (m, 1), and 
8.58-9.16 (m, 1); mass spectrum, m/e (relative intensity) 194 (57), 148
(28), 138 (39), 95 (100), 93 (50), and 67 (37).

Anal. Calcd for CnHu 0 3: C, 68.02; H, 7.27. Found: C, 67.73; H,
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7.08.
The minor isomer was assigned as (6-methylbicyclo[3.2.1]oct-

6-en-2-on-l-yl)acetic acid (33b) on the basis of the following data for 
the methyl ester (CH2N2) of 33b: IR (CCI4) 1740 and 1710 cm-1; NMR 
(CC14) 5 1.6-2.7 (m, 9), 1.82 (d, 3, J = 1.5 Hz), 3.55 (s, 3), and 5.47 (m, 
1).

Anal. (C12H16O;!): calcd mol wt, 208.1099; found, 208.1099.
Rearrangement of a,/3-Unsaturated Ester 26. Using procedure 

B, ester 26 (260 g, 11 mmol) gave 730 mg (30%) of neutral products, 
which were shown by NMR to be a 2:1 mixture of esters 32a and 34a, 
and 1.28 g (60%) of acid 32b. The ester mixture was hydrolyzed with 
5% methanolic KOH (70% yield), and after separation of the mixture 
by crystallization the individual acids from the product ester, as well 
as the initial acid product, were identified by spectral comparison (IR 
and NMR) with authentic material.

Rearrangement of a,/3-Unsaturated Esters 27,28. Using pro
cedure B, ester 27, a mixture of esters 27,28, and a sample of a,/3- 
unsaturated acids obtained by base hydrolysis of 27,28 gave an ca. 80% 
yield of product. In the case of the ester substrates, the initial product 
contained 50% neutral material, assigned as ester 33a on the basis of 
spectral data [IR (CCI4) 1730 and 1710 cm-1; NMR (CC14) d 1.22 (t, 
3, J = 7 Hz), 1.85 (d, 3, J = 1.5 Hz), 1.50-2.75 (m, 9), 4.03 (q, 2, J = 7 
Hz), and 5.50 (m, U], and 30% of an acidic material, identified as acid 
33b by a comparison of IR and NMR data with authentic material. 
Rearrangement of the precursor unsaturated acids gave acid 33b as 
the only observed product.

(5-Methylbicyclo[3.2.1]octan-2-on-l-yl)acetic Acid (36). A 
stirred ca. 2:1 mixture of unsaturated keto acids 32b and 34b (120 mg,
0.62 mmol) and a catalytic amount of P t02 in glacial acetic acid (10 
mL) was allowed to react with hydrogen gas at 25 °C and atmospheric 
pressure until the uptake of hydrogen ceased (30 min). The reaction 
mixture was filtered, concentrated, dissolved in ether, and extracted 
with sodium bicarbonate. The aqueous extracts were acidified with 
10% HC1 and extracted with ether, and after drying the organic phase 
was evaporated to give 120 mg (100%) of crude acid 36 [NMR (CDCI3) 
r> 1.15 (s, 3), 1.50-2.10 (m, 8), and 2.30-2.70 (m, 4)], which was char
acterized as its methyl ester (CH2N2, 100%): IR (CHCI3) 1735 and 
1705 cm "1; NMR (CC14) h 1.16 (s, 3), 1.50-2.0 (m, 8), 2.2-2.5 (m, 4), 
and 3.59 (s, 3); mass spectrum, m/e (relative intensity) 210 (25, M +), 
195 (10), 179 (30), 153 (100), 135 (8), 121 (30), 107 (15), 93 (100), and 
81 (65). VPC analysis (10% SE 30) of this ester showed a single com
ponent; the sharp quaternary methyl group signal in the NMR 
spectrum of both the acid 36 and its methyl ester confirms the pres
ence of a single hydrogenation product from both unsaturated keto 
acids.

Anal. Calcd for CioHigCH: C, 68.55; H, 8.63. Found: C, 68.66; H,
8.59.

l-(l-Methoxy-4-methylbicyclo[2.2.2]oct-5-en-2-ylidene)-3- 
butanone (38). A 1:2 mixture of hydroxy ketal 22f,23f (1.00 g, 3.5 
mmol) was dissolved in pyridine (20 mL). The solution was cooled in 
an ice bath, and thionyl chloride (520 mg, 4.3 mmol) was added 
dropwise to the stirred solution. The mixture was then stirred at room 
temperature for an additional hour. The resulting suspension was 
poured onto cracked ice, and the mixture was acidified with cold 20% 
hydrochloric acid and then extracted with ether. The organic phase 
was dried and evaporated to give 620 mg (80%) of crude dienone 38 
which by NMR was a 1:1 mixture of the two geometrical isomers. The 
crude product 38, which was used without further purification, showed 
the following: IR (CHCI3 ) 1715 and 1710 cm-1; NMR (CCI4 ) 5 1.22 (s,
1.5), 1.25 (s, 5), 2.06 (s, 1.5), 2.08 (s, 1.5), 3.42 (s, 1.5), 3.51 (s, 1.5), and
5.30-«6.50 (m, 1). All attempts to prepare an analytical sample were 
unsuccessful.

l-(l-Methoxy-5-methylbicyclo[2.2.2]oct-5-en-2-ylidene)-2- 
propanone (39). The 7 -hydroxy-/¡-keto esters 24i,25i (2:1 mixture) 
(4.42 g, 15.6 mmol) were distilled (pot temperature, 190-220 °C) to 
furnish 2.70 g (83%) of 39: bp 130-137 °C (1 mm); IR (CC14) 1680 and 
1610 cm -1; NMR (CC14) 5 1.30-1.70 (m, 4), 1.84 (d, 3, J = 1.5 Hz), 2.11 
(s, 3), 2.45-2.70 (m, 3), 3.40 (s, 3), 5.83 (m, 1), and 6.62 (t, 1, J = 2 Hz); 
mass spectrum, m/e (relative intensity) 206 (11, M+), 178 (68), 135 
(100), 124 (85), 109 (60), and 91 (35).

Anal. (C13H18O2): calcd mol wt, 206.1307; found, 206.1300.
Conjugated Tricyclic Dienone 41. A mixture of bicyclic dione 

32g (103 mg, 0.5 mmol) and TsOH (95 mg, 0.5 mmol) in acetic acid 
(5 mL) was heated at reflux for 10 h, the acetic acid was then evapo
rated at reduced pressure, and, after normal workup, 90 mg (95%) of 
a 9:1 (by NMR) mixture of products was isolated. After separation 
by chromatography on silica gel, the minor component was identified 
as the nonconjugated tricyclic dienone 42 by spectral comparison (IR 
and NMR) with authentic material. The major component was as
signed as the conjugated tricyclic dienone 41 on the basis of the fol
lowing data: UV (MeOH) Amax 290 nm (log e 4.38); IR (CHCI3) 1650

and 1610 cm“ 1; NMR (CC14) 6 1.24 (s, 3), 1.40-~2.50 (m, 10), 5.46 (s, 
1), 6.02 (d, 1, J  = 9 Hz), and 6.25 (d, 1, J = 9 Hz); mass spectrum, m/e 
(relative intensity) 188 (66, M+), 160 (40), 146 (21), 132 (60), 118 (100), 
104 (26), and 91 (35).

Anal. (C,3Hi60 ): calcd mol wt, 188.1201; found, 188.1208.
Conjugated Tricyclic Dienone 42. Bicyclic dione 32g (688 mg, 

3.34 mmol) in benzene (10 mL) was added to a suspension of potas
sium ferf-butoxide (561 mg, 5 mmol) in benzene (90 mL). The dark 
colored solution was heated at reflux for 5 h and then acidified with 
5% hydrochloric acid until the color turned yellow. The organic layer 
was separated, and the aqueous layer was then extracted with ether. 
The combined organic layers were washed with saturated sodium 
bicarbonate, water, and then brine. After drying, evaporation yielded 
600 mg (95%) of crude product. Chromatography of this crude product 
on silica gel with ether/pentane (1:1) yielded 490 mg (78%) of pure 
liquid tricyclic dienone 42: UV (MeOH) Amax 242 nm (log e 4.3); IR 
(CHCI3) 1670 and 1615 cm -'; NMR (CC14) 5 1.17 (s, 3), 1.30-~2.70 
(m, 10), 5.64 (m, 1), and 5.73 (s, 2); mass spectrum, m/e (relative in
tensity) 188 (54, M+), 160 (100), 145 (30), 132 (70), 118 (80), 105 (20), 
91 (40), and 77 (30).

Anal. (C13H16O): calcd mol wt, 188.1201; found, 188.1207.
Rearrangement of exo-hydroxy ketal 22f (980 mg, 3.5 mmol) 

using procedure A yielded a mixture of ethylene glycol diacetal and 
a bicyclo[3.2.l]octenone product which was separated by treatment 
with excess sodium methoxide in methanol (25 °C, 1 h) followed by 
chromatography on silica gel using ether/pentane to give 688 mg (96%) 
of liquid 4-(5-methylbicyclo[3.2.1]oct-6-en-2-on-l-yl)butan-2-one 
(32g): IR (CHCI3) 1705 cm "1; NMR (CC14) h 1.24 (s, 3), 1.5-2.0 (m, 
6), 2.08 (s, 3), 2.2-2.7 (m, 4), 5.66 (d, 1, J = 6.0 Hz), and 5.89 (d, 1, J 
= 6.0 Hz); mass spectrum, m/e (relative intensity) 206 (25, M +), 163 
(12), 150 (18), 107 (100), 92 (78), and 77 (25).

Anal. Calcd for C ,-H 180 2: C, 75.73; H, 8.74. Found: C, 75.44; H, 
9.00.

Rearrangement of endo-hydroxy ketal 23f (120 mg, 0.4 mmol) 
using procedure A yielded, after treatment with sodium methoxide 
in methanol, 100 mg (34%) of a 2:1 mixture of 34g and 32g as judged 
by NMR. No attempt was made to separate this mixture. The major 
product, 34g, showed the following spectral properties: IR (CHCI3) 
1670 cm -1; NMR (CC14) 6 1.31 (s, 3), 1.5-»2.0 (m, 8), 2.08 (s, 3),
2.2-~2.5 (m, 2), 5.90 (d, 1, J = 6 Hz), and 6.90 (m, 1).

Rearrangement of exo-Phenylthio Alcohol 22h. A mixture of 
exo-phenylthio alcohol 22h (1.0 g, 3.14 mmol) and TsOH (300 mg, 1.57 
mmol) in acetic acid (100 mL) was heated at reflux for 20 h, the acetic 
acid was evaporated at reduced pressure, and 850 mg (94%) of crude 
product was isolated by normal workup. Chromatography of this 
crude product on silica gel using pentane/ether (2:1) yielded 810 mg 
(90%) of pure liquid bicyclic [3.2.1] phenylthioenone 32h: IR (CCI4 ) 
1705,1580,1455, and 685 cm "1; NMR (CC14) 5 1.20 (s, 3), 1.40-^2.00 
(m, 8), 2.00-^2.50 (m. 2), 2.88 (m, 2), 5.61 (d, 1, J = 5 Hz), 5.84 (d, 1, 
J = 5 Hz), and 7.22 (broad s, 5); mass spectrum, m/e (relative inten
sity) 286 (90, M+), 230 (30), 177 (40), 149 (22), 136 (100), 120 (90), 105
(44), and 91 (33).

Anal. Calcd for ClsH22OS: C, 75.52; H, 7.69; S, 11.19. Found: C, 
75.77; H, 7.89; S, 11.00.

Rearrangement of endo-Phenylthio Alcohol 23h. Following 
the procedure described for the rearrangement of 22h, endo-phen- 
ylthio alcohol 23h (160 mg, 0.5 mmol) yield 34 mg (24%) of a liquid 
product, which was assigned as 32h by comparison of the spectral data 
(IR and NMR) with authentic material, and 91 mg (64%) of a second 
liquid product, which was assigned as 34h on the basis of the following 
data: IR (CC14) 1675,1580,1450, and 690 cm“ 1; NMR (CC14) 5 1.26 
(s, 3), 1.40-~2.20 (m, 10), 2.88 (m, 2), 5.72 (d, 1, J = 10 Hz), 6.81 (dd, 
1, J  = 11 and 2 Hz), and 7.22 (broad s, 5); mass spectrum, m/e (relative 
intensity) 286 (25, M+), 210 (4), 177 (100), 149 (67), 135 (15), 121 (18), 
110 (14), and 91 (15).

Anal. (C18H22OS): calcd mol wt, 286.1391; found, 286.1397.
Rearrangement of hydroxy keto esters 24i,25i (2:1, 1.0 g, 3.5 

mmol) using procedure A gave 500 mg (73%) of a 1:1 mixture (by 
NMR) of diketones 33j and 35j, which was separated by chromatog
raphy on AI2O3 using pentane/CHCl3. Liquid l - (6- 
methylbicyelo[3.2.1]oct-6-en-2-on-l-yl)propan-2-one (33j): IR 
(CHCI3) 1705 cm "1; NMR (CDCI3 ) 5 1.7-2.95 (m, 9), 1.84 (d, 3, J =
1.5 Hz), 2.10 (s, 3), and 5.50 (m, 1); mass spectrum, m/e (relative in
tensity) 192 (17), 149 (23), 136 (30), 124 (23), 107 (22), 93 (100), 91 (30), 
77 (26), and 43 (67).

Anal. (Ci2Hi602): calcd mol wt, 192.1150; found, 192.1151.
l-(4-Methylbicyclo[3.2.1]oct-3-en-2-on-l-yl)propan-2-one (35j): 

mp 62-63.5 °C (from hexane); IR (CHCI3) 1715 and 1665 cm-1; NMR 
(CDCI3) 5 1.47-2.79 (m, 7), 2.01 (d, 3, J = 1.5 Hz), 2.21 (s, 3), 2.45 (d, 
1, J = 17 Hz), 3.22 (d, 1, J = 17 Hz), and 5.7 (m, 1); mass spectrum, 
m/e (relative intensity) 192 (11), 177 (17), 149 (39), 134 (21), 122 (65),
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121 (23), 95 (100), 67 (36), and 43 (66).
Anal. Calcd for Ci2H160 2: C, 74.97; H, 8.39. Found: C, 74.77; H,

8.15.
Rearrangement of Dienone 38. Using procedure B, crude dienone 

38 (220 mg, 1.0 mmol) furnished 180 mg (96%) of conjugated tricyclic 
dienone 41, which was identified by comparison of spectral data (IR 
and NMR) with authentic material.

Rearrangement of a,/?-Unsaturated Ketone 39. Using the gen
eral conditions described in procedure A and a reaction time of 2 h, 
ketone 39 (200 mg, 1.0 mmol) yielded 150 mg (78%) of a mixture which 
was shown by VPC (10% SE 30) to contain nonconjugated enone 33j 
and conjugated enone 35j in a ratio of 1:3. Exposure of product 33j 
to identical conditions and reaction time resulted in a 1:1 mixture of 
33j and 35j, thus suggesting that 33j is a primary rearrangement 
product of 39. Using procedure B, ketone 39 (1.1 g, 5.3 mmol) yielded 
850 mg (85%) of conjugated enone 35j.

Stability of Bicyclo[3.2.1]octene Products. Exposure of the 
nonconjugated enones 32g and 33j to procedure B conditions resulted 
in complete rearrangement to the conjugated products 41 and 35j, 
respectively, as judged by IR and NMR. The nonconjugated bicy- 
clo[3.2.1]octenones 32b, 32h, 33c-e, and 42 did not rearrange to the 
corresponding conjugated analogues under these conditions.

Registry No.— 11, 2220-40-8; 12, 38258-84-3; 13, 67316-12-5; 14, 
20023-36-3; 15 (isomer 1), 67337-34-2; 15 (isomer 2), 67337-35-3; 16, 
13697-84-2; 18a, 64918-89-4; 18b, 67337-36-4; 18c (isomer 1), 
67316-13-6; 18c (isomer 2), 67337-37-5; 19,67316-14-7; 21,67316-15-8; 
22a, 67315-86-0; 22f, 67316-02-3; 22h, 67316-03-4; 23a, 67337-29-5; 
23f, 67337-31-9; 23h, 67337-32-0; 24a, 67375-28-4; 24b, 67337-38-6; 
24c, 67315-87-1; 24d, 67315-88-2; 24e, 67315-89-3; 24i, 67316-04-5; 
25a, 67316-16-9; 25b, 67315-90-6; 25i, 67337-33-1; 26,67315-91-7; 27,
67315- 92-8; 28, 67315-93-9; 29, 67315-94-0; 30, 67337-30-8; 32a,
67316- 17-0; 32b, 67315-95-1; 32g, 67316-07-8; 32h, 67316-08-9; 33a, 
67316-18-1; 33b, 67315-99-5; 33c, 67315-96-2; 33d, 67315-97-3; 33e,
67315- 98-4; 33j, 67316-09-0; 34a, 67316-19-2; 34b, 67316-01-2; 34g,
67316- 20-5; 34h, 67316-21-6; 35b, 67316-00-1; 35j, 67316-11-4; 36, 
67316-22-7; 36, methyl ester, 67316-24-9; 38,67316-05-6; 39, 67316-
06-7; 41, 67316-10-3; 42, 67316-23-8; p-methylanisole, 104-93-8; 2- 
chloroacrylonitrile, 920-37-6; m -methylanisole, 100-84-5; acrylonitrile,
107-13-1; tert-butyl 2-bromopropionate, 39149-80-9; 2-(2-bro- 
moethyl)-2-methyl-l,3-dioxolane, 37865-96-6; 3-bromopropyl phenyl 
sulfide, 3238-98-0; acetic acid, 64-19-7; propionic acid, 79-09-4; phe- 
nylacetic acid, 103-82-2; m-methoxyphenylacetic acid, 1798-09-0; 
methyl acetoacetate, 105-45-3.
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1,4-Dipolar Substituted Cyclohexenes
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To study the intramolecular association between oppositely charged centers, several cyclohexenes substituted at 
the 1 and 4 positions with groups capable of carrying positive and negative charges have been synthesized. Included 
among these are the cis and trans isomers of 3-(methylamino)bicyclo[4.4.0]dec-l-ene-6-carboxylic acid (7 and 9),
6-carboxy-3-(trimethylammonio)bicyclo[4.4.0]dec-l-ene iodide (8 and 10), 2,3-dimethyl-6-(methylamino)cyclo- 
hexenecarboxylic acid (17a and 19), and 3-carboxy-2,3-dimethyl-6-(trimethylammonio)cyclohexene chloride (18a 
and 20) and the cis isomers of 3-methyl-6-(methylamino)cyclohexenecarboxylic acid (17b) and 3-carboxy-3- 
methyl-6-(trimethylammonio)cyclohexene chloride (18b). However, the expectation that the zwitterions of these 
compounds should, to a greater extent than the anionic or cationic species, exist in the boat conformation failed to 
be clearly demonstrable by JH and 13C NMR measurements. It is postulated that the apparent lack of conforma
tional response to changing pH is due to the rather large nonbonded interactions arising from the groups at C-2 (i.e.,
CH2 in 7-10, CH3 in 17a-20, and H in 17b and 18b) and at C-4 (i.e., NHCH3 or N(CH3)3+), which favor the half
chair conformation, and the rather small coulombic interaction of the carboxylate and ammonium centers in the 
zwitterion (calculated to be 3-5 kcal/mol), which favors the boat conformation.

Papers 1-4 of this series1 deal with intermolecular associ- an intramolecular counterpart of these systems and involves
ation phenomena involving interactions between positively an attempt to measure the extent of intramolecular associa-
and negatively charged moieties. The present paper represents tion in cyclohexenes substituted at the 1 and 4 positions with

onoo 99R3/7R/iq43-4n(i9S01.00/0 © 1978 American Chemical Society
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Figure 1. Synthesis of cis- and trans-6-carboxy-3-(trimethylammonio)bicyclo[4.4.0]dec-l-ene iodide (8 and 10).

18a (R « CH3) 
18b (R = H)

17a (R - CH3) 
17b (R = H)

16a (R = CH3) 
16b (R = H)

20 19

Figure 2. Synthesis of cis- and irans-3-earboxy-2,3-dimethyl-6-(trimethylammonio)cyclohexene chloride (18a and 20) and cis-3-carboxy- 
3-methyI-6-(trimethylammonio)cyclohexene chloride (18b).

groups capable of carrying positive and negative charges, re
spectively. To this end, several cis-4-amino-2-cyclohexene- 
1-carboxylic acids have been synthesized to test whether the 
conformation of the cyclohexene ring is a function of the ex
tent of protonation of the amino and carboxyl groups. At high 
and low pH the aminocarboxycyclohexenes are singly charged 
(i.e., negatively and positively, respectively), and the ring 
might be expected to exist predominately in the half-chair 
conformation; at intermediate pH regions, however, the 
compounds are zwitterions and, as a result, should be more 
likely to assume the boat conformation because of electrostatic 
attraction between the oppositely charged groups, viz., 
Scheme I. It was hoped that the conformation of the cyclo
hexene ring could be discerned from the line shape of the 
NMR resonances arising from the vinyl hydrogen (Ha) that 
is coupled with the hydrogen a to the amino function (H^). 
Although the results fell short of expectation, some observa
tions requiring explanation have been obtained and some 
useful syntheses have been achieved.

Synthesis of Compounds Containing the 4-Amino-2-

Scheme I

anion

cyclohexene-1-carboxylic Acid Moiety. Three series of 
compounds containing the 4-amino-2-cyclohexene-l-carb- 
oxylic acid moiety were synthesized. The first of these, the cis 
and trans isomers of 6-carboxy-3-(trimethylammonio)bicy- 
clo[4.4.0]dec-l-ene iodide (8 and 10), involved the sequence 
of reactions outlined in Figure 1. The second, the cis and trans 
isomers of 3-carboxy-2,3-dimethyl-6-(trimethylammonio)- 
cyclohexene chloride (18a and 20), and the third, the cis iso
mer of 3-carboxy-3-methyl-6-(trimethylammonio)cyclohex- 
ene chloride (18b), involved the equivalent sequence of re
actions, as outlined in Figure 2. A key step in all cases is the 
separation of the cis and trans isomers of the amino esters 
(compounds 4 in Figure 1 and compounds 14 in Figure 2) via 
méthylmagnésium iodide induced conversion2 to the lactams 
6 and 16, the trans isomers of the amino esters remaining 
unchanged in the process. Separation of the lactams from the 
trans-amino esters, hydrolysis to the corresponding cis - and 
trans -amino acids, and méthylation yielded the desired tri- 
methylammonium compounds 8 ,10 ,18a, 18b, and 20.

The major difficulty in the syntheses involved the formation 
of the lactams 6 and 16 and their subsequent conversion to the 
cis -amino acids. Attempts to form lactam 6 by heating 4a 
resulted in the formation of the pyridone 21, presumably the 
result of a As + A  cycloreversion reaction of the initially 
formed lactam. In similar fashion 14a yields the pyridone 
when heated. Hydrolysis of lactam 6 proved to be particularly 
difficult, and prolonged treatment with 4 N sodium hydroxidecation zwitterion
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Scheme II

22

in ethanol was necessary to achieve optimum, although low, 
yields of 7. Acid-catalyzed hydrolysis of the lactams was 
precluded, for 6 and 16a were both shown to isomerize to 23 
and 24, respectively, in the presence of acid (Scheme II).

In an attempt to achieve a stereoselective synthesis of 7, the 
benzyl ester (lb) was used as the starting material and was 
converted to cis-2b with lithium tri-ferf-butoxyaluminum 
hydride. Treatment of cis-2b with thionyl chloride in pyridine 
yielded a mixture of cis- and irons-3b, however, thereby ne
gating the stereoselective character of the sequence. Anima
tion of this mixture with methylamine in benzene solution 
gave a mixture of cis- and trans-4b; amination in the absence 
of a solvent produced trans- 4b in 95% yield.

Conformations of the Anionic, Cationic, and Zwitter- 
ionic Forms of the 4-Amino-2-cyclohexene-l-carboxylic 
Acids. Examination of the Dreiding models of the cis isomers 
of the monocyclic and bicyclic compounds containing the 4- 
amino-2-cyclohexene-l-carboxylic acid moiety indicates that 
there are four limiting conformations, viz., two boat forms (Baa 
and Bee) and two half-chair forms (Ca'e' and Ce a'), as illus
trated in Figure 3. Measurement of the distance between the 
center of the amino function and a point extending 1.45 A 
beyond the carbon atom of the carboxyl group along an axis 
midway between the oxygen atoms3 shows that the amino and 
carboxyl functions can be as close as 2.7 A (in Baa) and as far 
apart as 7.2 A (in Bee), as indicated in Figure 3. Also shown in 
Figure 3 are the dihedral angles between the Ha and Hb hy
drogens in the four conformations and the magnitude of the 
NMR coupling constant between these hydrogens that might 
be expected for the various dihedral angles.

The magnitude of the coupling constant between the vinyl 
hydrogen and the adjacent allylic hydrogens in cycloalkenes 
is a function of the dihedral angle between the hydrogens,4 and 
it changes, for example, from 1.8 Hz for cyclobutene (dihedral 
angle 66°) to 5.7 Hz for cycloheptene (dihedral angle 11°).5 
The relation between the coupling constant and the dihedral 
angle has been used to assign a conformation to 3,4,5-trihy- 
droxy-l-cyclohexenecarboxylic acid (shikimic acid),6 and it 
was expected that it could be used in similar fashion in the 
present case. When the resonances arising from Ha in com
pounds 7, 8, 9, 10, 17a, 18a, 19, and 20 were measured, how
ever, essentially unresolved envelopes were obtained. That 
this can be attributed, at least in part, to long-range coupling 
with the homoallylic hydrogens is indicated by the XH NMR 
spectra of the lactams 6 and 16a (constrained in the boat 
conformation), which show multiplet rather than doublet 
patterns for Ha. Compound 6, for example, shows a doublet 
of triplets for which coupling constants of 5.5 (for -7ai,) and 1.5 
Hz (long-range coupling) can be determined. To gain a rough 
estimate of the coupling constants, therefore, the widths of 
the envelopes at half-height were measured; the differences 
in these widths with and without spin decoupling with the 
adjacent hydrogen (i.e., Ha or Hb) were taken as measures of 
the coupling constants Jab, as shown in Table I. Although the 
uncertainties in this procedure are large and the significance 
of small differences is questionable, it does turn out that the 
widths at half-height for Ha, corrected in this fashion, are

Figure 3. The four limiting conformations of the 4-amino-2-cyclo- 
hexene-l-carboxylic acids.

greater for the zwitterionic form than for either the anionic 
or cationic form for the cis isomers of the NCH3 compounds 
(i.e., 7 and 17a). Since this is not true for any of the other 
compounds shown in Figure 4, it suggests that the cis com
pounds 7 and 17a may, at least to some small extent, exist in 
a boat conformation. A similar circumstance is observed when 
the “ corrected" widths at half-height for the Hb hydrogens 
are considered; here, also, the widths for the cis isomers of the 
NCH3 compounds are greater for the zwitterions than for the 
anionic and cationic species, although the uncertainties in the 
measurements are even more apparent in these cases.

The widths at half-height for Hb hydrogens are somewhat 
greater for the cis isomers of the N(CH3)3+ compounds 
(14.0-18.5 Hz) than for the cis isomers of the NCH3 com
pounds (9.5-12.5 Hz), suggesting that the two series assume 
different conformations. It is known that hydrogens in the 
axial alignment on a cyclohexane ring have broader resonances 
than those in the equatorial alignment,7 and Garbisch8 has 
shown this to be true for the allylic hydrogens in 1-methyl- 
cyclohexene as well. Thus, the greater width of the Hb reso
nances in the trimethvlammonium compounds 8 and 18a as 
compared with the methvlamino compounds 7 and 17a 
suggests that the former are in the Ce'a' conformation and the 
latter in the Ca'e- conformation (or, possibly, the Baa confor
mation). That the larger trimethylammonium group should 
show a greater preference than the smaller methylamino group 
for a pseudoequatorial alignment is reasonable.

The relative energies of the half-chair and boat conforma
tions for the compounds represented in Figure 3 depend, 
among other things, on the size of the R' group. In the half
chair conformations Cev  and Ca'e, the R' group is approxi
mately staggered with the CH3 and CO2H groups at C-l, 
whereas in the boat conformations Baa and Bee it is eclipsed 
with the CH3 or the CO2H group at C-l. Thus, the energy 
difference between the half-chair and boat forms might be 
expected to be lower when R' is hydrogen than when it is 
methyl (as in 17a-20) or methylene (as in 7-10). However, the 
compounds in which R' is hydrogen (i.e., 17b and 18b) give no 
clearer XH NMR evidence for conformational differences 
between the neutral zwitterion species and the charged anionic 
or cationic species than do the members of the other two series 
of compounds. They do, though, show well-resolved XH NMR 
envelopes for the vinyl hydrogens at C-3 (i.e., Hb) and C-2, 
from which the following coupling constants were measured:
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Table I. 'H NMR Data for 4-Amino-2-eyelohexene-1 -carboxylic Acids
widths at half height, Hz

registry
no. compd

nitrogen
function

config
uration

charge
species

vinyl proton (Ha) 
a b diff

allyl proton (Hb) 
a c diff

67394-09-6 9 NHCH3 trans 0,+ 7.0 3.0 4.0 10.5 9.5 1.0
6.5 3.0 3.5 9.0 7.5 1.5

- 0 6.0 3.0 3.0 10.0 7.0 3.0
67394-10-9 10 +N(CH3)3 trans o,+ 5.5 4.0 1.5 12.5 13.0 0.5

- ,+ 6.0 4.5 1.5 13.0 12.0 1.0
67394-11-0 7 NHCH3 cis o,+ 4.5 4.0 0.5 12.0 11.0 1.0

4.0 2.5 1.5 13.0 9.5 3.5
—,0 3.5 3.0 0.5 12.5 10.0 2.5

67394-12-1 8 +N(CH3)3 cis 0,+ 5.0 4.5 0.5 18.5 17.5 1.0
- ,+ 5.0 4.5 0.5 17.5 17.0 0.5

67394-13-2 19a NHCH3 trans o,+ 6.0 4.0 2.0 13.0 14.0 -1.0
- ,+ 6.0 4.0 2.0 14.0 15.5 -1.5
—,0 5.5 4.0 1.5 14.0 17.0 -3.0

67394-14-3 20a +N(CH3)3 trans 0,+ 5.5 5.0 0.5 15.5 15.5 0
5.5 4.5 1.0 14.0 15.0 -1.0

67394-15-4 17a NHCH3 cis o,+ 5.5 4.0 1.5 13.0 12.0 1.0
- ,+ 6.0 4.0 2.0 13.5 11.0 2.5
—,0 5.5 4.5 1.0 13.0 12.5 0.5

67394-16-5 18a +N(CH3)3 cis 0,+ 5.5 5.0 0.5 16.0 17.0 -1.0
- ,+ 6.0 5.0 1.0 17.0 17.0 0

a Without decoupling. b With decoupling with Hb. c With decoupling with H,

6 [reference compound - (CHjJjSiCH^CH^CO^Na]

Figure 4. 13C NMR-pH profiles for 4-amino-2-cyclohexene-l-carboxylic acids.

J ab for 17b, (0,+) form = 2.0 Hz, (—,+) form = 2.0 Hz, (—,0) 
form = 1.5 Hz; Jab for 18b, (0,+) form = 1.0 Hz, (—, +) form 
= 1.0 Hz. The 13C NMR spectra, on the other hand, provide 
a modicum of evidence for special behavior of the zwitterion 
of 17b. As shown in Figure 4, the chemical shift pH profile for 
17b is different from that of 17a and 19a, particularly in the 
pH region 5-8 where the zwitterion is present as the major 
species.

The difference in energy between the boat and half-chair 
conformations of cyclohexene is estimated, both on the basis 
of experiment9® and theory,9b to be approximately 5 kcal/mol. 
Substitution of a pair of geminal allylic hydrogens by a methyl 
or methylene group and a carboxyl group (the common feature 
at C-l in all of the cyclohexenes in the present study) should 
probably not change this value significantly because of the 
similarity in size of these two groups (e.g., AG value of CH3 
is 1.70 and that of CO2-  is 1.9210). On the basis of AG values

for substituents in cyclohexane systems,10 however, the sub
stituent at C-4 is estimated to increase the nonbonded inter
action by 1-2 kcal/mol for the NHCH3 and NH2CH3+ groups 
and 4 kcal/mol for the N(CH3)3+ group; the nonbonded in
teraction between the groups at C-l and the substituent at C-2 
will also increase the relative stability of the half-chair form. 
Thus, the difference in energy between the boat and half-chair 
conformations for 7 ,9 ,17a, and 19a is predicted to be at least 
7 kcal/mol, that for 8, 10,18a, and 20 to be at least 10 kcal/mol, 
that for 17b to be ~6 kcal/mol, and that for 18b to be ~9 
kcal/mol.

By means of the Kirkwood-Westheimer method for esti
mating the magnitude of electrostatic interactions11 it was 
calculated that the stabilization from the coulombic interac
tion between the carboxylate and ammonium centers should 
be 3-5 kcal/mol in the boat conformation. Thus, it is not 
surprising that most of the compounds tested failed to show
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significant conformational responses to changes in pH, al
though it might have been expected that 17b should show 
more dramatic behavior than was observed.

Experimental Section12
Synthesis of cis- and £rans-6-Carboxy-3-(trunethylammo- 

nio)bicyclo[4.4.0]dec-V-ene Iodide (8 and 10). Ethyl 3-(Methyl- 
am ino)bicyclo[4.4.0]dec-l-ene-6-carboxylate (4a). A 222-g (1.0 
mol) sample of ethyl 3-ketobicyclo[4.4.0]dec-l-ene-6-carboxylate 
( la )13-14 was reduced to 2a by treatment at 0 °C for 2 h with 18.9 g 
(0.50 mol) of sodium borohydride in 1 L of absolute ethanol. A 203-g 
sample of the crude product, obtained in 96% yield, was dissolved in 
200 mL of dry benzene, cooled to 0 °C and treated with a solution of 
77 mL (1.07 mol) of purified15 thionyl chloride in 200 mL of benzene, 
added over a period of 1.5 h. The reaction mixture was stirred an ad
ditional 5 h at 0 °C, and the solvent and excess reagent were removed 
under reduced pressure at 35-45 °C to leave 234 g (100%) of a brown 
oil consisting of a mixture of cis- and irans-ethyl 3- 
chlorobicyclo[4.4.0]dec-l-ene-6-carboxylate (3a): IR (neat) v 1735 
(C =0), 1675 (C=C), 680 cm- 1 (CC1); NMR (CCL) 5 5.59 (m, 1, CCH),
4.54 (m, 1, HCC1), 4.15 (2 q, 2, J = 7.5 and 7.0 Hz, ester CH2), 2.54-0.83 
(m. 12, ring CH2), 1.25 (2 t, 3, J = 7.5 and 7.0 Hz, ester CH3). At
tempted purification of 3a at 80 °C resulted in dehydrochlorination, 
yielding ethyl bicyclo[4.4.0]deca-l,9-diene-6-carboxylate: bp
63-65 °C (0.26 mm); IR (neat) » 1725 (C = 0 ), 1600 (C=C), 690 cm' 1 
(=CH ); NMR (CCL,) 3 6.14-5.33 (m, 3, =C H ), 4.06 (q, 1, J = 7 Hz, 
ester CH?), 2.95-1.00 (m, 10, ring CH2), 1.2. (t, 3, J = 7 Hz, ester 
CH:,).

Anal. Calcd for Ci3Hi30 2: C, 75.69; H, 8.80. Found: C, 75.84; H,
9.01.

A 216-g sample of 3a was dissolved in 430 mL of dry benzene, and 
gaseous methylamine was bubbled through the solution until it was 
saturated. The flask was tightly stoppered, and the reaction mixture 
was stirred at room temperature for 10 days. The crude product was 
distilled through a 12-in. Vigreux column to give 144 g (65%) of a 
mixture of cis- and trans-4a: bp 93-94 °C (0.10 mm); IR (neat) v 3400 
(NH), 1740 cm“ 1 (C=0>; NMR (CC14) 6 5.45 (m, 1, = C H ), 4.10 (q, 
2, J = 7 Hz, ester CH,), 2.94 (m, 1, HCN), 2.33 (s, 3, NCH3), 2.23-1.00 
(m, 12, ring CH2), 1.24 (t, 3, J = 7 Hz, ester CH3), 0.87 (s, 1, 
NH).

Anal. Calcd for C14H23N 02: C, 70.85; H, 9.77; N, 5.90. Found: C, 
70.96; H, 9.71; N, 5.95.

From the acid-insoluble fraction, 42 g (19%) of 3a was recovered; 
no trace of the diene was discerned. An alternative procedure in
volving a 12-h reaction at 45 °C in a high-pressure bomb resulted in 
a 51% yield of 4a and the production of a significant amount of 
diene.

10-Methyl-10-azatricyclo[6.2.2.03’8]dodec-2-en-9-one (6). Using 
a procedure analogous to that of Bassett and Thomas,16 a 26.5-g (0.167 
mol) sample of a mixture of cis- and trans-4a in 150 mL of ether was 
added over a period of 1 h to a solution containing 26 g (0.182 mol) of 
methyl iodide in 225 mL of ether. The mixture was refluxed for 12 h, 
cooled, treated with 100 mL of water followed by 100 mL of 2 N hy
drochloric acid added slowly, and stirred until all of the solid had 
dissolved. The solution was then extracted with ether and the ether 
was washed with dilute hydrochloric acid, water, saturated sodium 
bicarbonate, and saturated sodium chloride solution, dried over 
magnesium sulfate, and removed under vacuum to yield 23 g (63%) 
of 6 as a colorless oil: bp 95 °C (0.13 mm); IR (neat) v 1665 cm-1 
(C = 0 ); NMR (CC14) a 6.00 (t of d, 1, J = 5.5 and 1.5 Hz, =C H ), 4.02 
(m, 1, HCN), 2.78 (s, 3, NCH3), 2.48-1.11 (m, 12, ring CH2).

Anal. Calcd for Ci2H17NO: C, 75.35; H, 8.96; N, 7.32. Found: C, 
75.23; H, 8.82; N, 7.52.

10-Methyl-10-azatricyclo[6.2.2.03'8]dodec-3-en-9-one, a double 
bond position isomer of 6, was produced by the action of anhydrous 
hydrogen chloride on 6 and was obtained as a colorless oil: IR (neat)

1690 cm" 1 (C = 0 ); NMR (CC14) 6 5.49 (m, 1, = C H ), 3.56 (m, 1, 
HCN), 3.11 (s, 3, NCH3), 2.54-0.88 (m, 12, ring CH2).

Anal. Calcd for Ci2H ,7NO: C, 75.35; H, 8.96; N, 7.32. Found: C, 
75.20; H, 9.05; N, 7.28.

cis-3 -(M ethylam ino)bicyclo[4 .4 .0 ]dec-l-ene-6 -carboxylic 
Acid (7). A mixture of 31 g (0.162 mol) of 6 in 180 mL of ethanol and 
180 mL of 4 N sodium hydroxide was refluxed for 156 h in an at
mosphere of nitrogen. Most of the ethanol was then removed by 
evaporation, the aqueous solution was filtered, and the filtrate was 
washed four times with ether and made acidic with concentrated 
hydrochloric acid. The gelatinous substance that formed was removed 
by dissolving the acidified filtrate in hot ethanol, filtering the cooled 
solution, and concentrating the filtrate. The thick oil that remained 
after the fourth of these treatments solidified and was recrystallized

from ethanol-acetone to give 9.8 g of the hydrochloride salt of 7: mp 
245 °C dec; IR iKBr) * 2490 (N+H), 1730 (C = 0 ), 1680 (C=C), 718 
cm' 1 (CN+); NMR (D20 ) 5 5.88 (s, 1, =C H ), 4.12 (m, 1, HCN), 2.91 
(s, 3, NCH3), 2.66-1.00 (m, 12, ring CH,). A solution containing 9.8 
g of the hydrochloride salt of 7 in 35 mL of water was adjusted to pH 
8 with 8 N sodium hydroxide solution and cooled in an ice bath for 
1 h. The precipitate was removed by filtration, washed with ice water 
and cold ethanol, and dried to yield 8.89 g (99%) of the monohydrate 
of 7: mp 214 °C dec; IR (KBr) v 1670 (C=C), 1630 cm' 1 (CO D ; NMR 
(D20) 5 5.46 (s, 1, = C H ), 3.83 (m, 1, HCN), 2.70 (s, 3, NCH3), 2.40- 
0.90 (m, 12, ring CH2).

Anal. Calcd for Ci2H,9N 0r H,0: C, 63.41; H, 9.31; N, 6.16. Found: 
C, 63.27; H, 9.33; N, 6.06.

The combined ether extracts of the basic solution yielded 22 g (71% 
recovery) of unchanged 6.

trans-3-(MethyIamino)bicyclo[4.4.0]dec-l-ene-6-carboxylic 
Acid (9). The combined acid extract from the preparation of 10- 
methyl-10-azatricyclo[6.2.2.03'8]dodec-2-en-9-one (see above) was 
made basic (pH 11) with 5 N sodium hydroxide solution, and most 
of the magnesium hydroxide was removed by centrifugation. The 
supernatant solution was extracted with four 50-mL portions of ether, 
and the ether extract was then dried and saturated with anhydrous 
hydrogen chloride. The hydrochloride salt of 5a precipitated and was 
removed by filtration. This material was treated with 25 mL of 5 N 
sodium hydroxide solution and extracted with ether, and the ether 
was dried and evaporated to give 7.8 g (19%) of 5a: bp 87-89 °C (0.15 
mm); IR (neat) v 3400 (NH), 1735 (C = 0 ), 1680 era' 1 (C=C); NMR 
(CCL,) 5 5.52 (d, 1. J = 3.8 Hz, =CH ), 4.13 (q, 2, J = 7 Hz, ester CH2),
2.89 (m, 1, HCN), 2.35 (s, 3, NCHS), 2.23-1.03 (m, 12, ring CH2), 1.22 
(t, 3, J = 7 Hz, ester CH,), 0.68 (s, 1. NH).

Anal. Calcd for Ci4H23N 02: C, 70.85; H, 9.77; N, 5.90. Found: C, 
70.91; H, 9.65; N, 5.97.

A solution of 10.4 g of 5a in 104 mL of 2 N hydrochloric acid was 
refluxed for 120 h in an atmosphere of nitrogen. The acidic solution 
was made basic (to pH 11) with 5 N sodium hydroxide, extracted four 
times with ether, made acidic (to pH 2) with concentrated hydro
chloric acid, and extracted four more times with ether. The water was 
evaporated under reduced pressure, and the sodium chloride was 
removed by dissolving the slurry in hot absolute ethanol, filtering the 
chilled solution, and concentrating the filtrate, this process being 
repeated several times. The remaining oil solidified upon contact with 
acetone to give 7.27 g (69%) of the hydrochloride of the desired acid, 
mp 225 °C dec. Treatment of a solution of this material with 5.07 g 
of silver oxide for 5 h at room temperature yielded 6.02 g (98%) of 9 
as colorless needles after recrystallization from ethanol-acetone- 

. water: mp 168 °C dec; IR (KBr) v 1680 (C=C), 1640 cm* 1 (C02_ ); 
NMR (D20 ) 5 5.73 (d, 1, J = 4 Hz, = C H ), 3.82 (m, 1, HCN), 2.87 (s, 
3, NCH3), 2.62-1.08 (m, 12, ring CH2).

Anal. Calcd for C12H19N 02; C, 68.87; H, 9.15; N, 6.69. Found: C, 
68.75; H, 9.14; N, 6.53.

cis-6-Carboxy-3-(trimethylammonio)bicyclo[4.4.0]dec-l-ene 
Chloride (8). Using a procedure modeled after that of Patchett and 
Witkop,17 a slurry of 0.84 g (4 mmol) of 7 and 1.11 g (5 mmol) of silver 
oxide in 20 mL of water was stirred at room temperature for 3 h. A 
solution of 0.51 mL (12 mmol) of methyl iodide in 100 mL of methanol 
was then added, the mixture was stirred for 3 h, a second solution of 
0.34 mL of methanol was added, and stirring was continued another 
4 h. The methanol and excess methyl iodide were removed by evap
oration, the remaining aqueous solution was treated with 1.11 g (5 
mmol) of silver oxide, and the mixture was stirred for 0.5 h. Filtration, 
acidification with concentrated hydrochloric acid followed by another 
filtration, and concentration of the filtrate produced a thick oil which, 
after trituration with acetone, yielded 0.74 g (67%) of 8. Recrystalli
zation from ethanol-acetone yielded a colorless solid: mp 226 °C dec; 
IR (KBr) v 1700 (C = 0 ), 720 cm“ 1 (CN+); NMR (D20) 5 5.95 (m, 1, 
= C H ), 4.30 (m, 1, HCN), 3.24 (s, 9, NCHa), 2.64-1.16 (m, 12, ring 
CH2).

Anal. Calcd for Cu H24C1NO,: C, 61.43; H, 8.84; N, 5.12. Found: C, 
61.26; H, 9.01; N, 4.99.

trans-6-Carboxy-3-(trimethylammonio)bicyclo[4.4.0]dec- 
1-ene Chloride (10). Using the procedure described above, 10 was 
obtained as a colorless solid: mp 211 °C dec; IR (KBr) v 1720 (C = 0), 
1680 (C=C), 720 cm“ 1 (CN+); NMR (D ,0) 6 6.03 (m, 1, = C H ), 4.20 
(m, 1, HCN), 3.28 (s, 9, NCH3). 2.62-1.20 (m, 12, ring CH2).

Anal. Calcd for C]4H24C1N02: C, 61.43; H, 8.84; N, 5.12. Found: C, 
61.28; H, 8.79; N, 4.98.

Benzyl 3-(M ethylaniino)bicyclo[4 .4 .0]dec-l-ene-6-earb- 
oxylate (4b). Benzyl 2-ketocvclohexanecarboxylate, prepared by 
ester interchange from the ethyl 2-ketocyclohexanecarboxylate and 
benzyl alcohol, was subjected to the Robinson annelation procedure18 
to yield benzyl 3-ketobieyclo[4.4.0]dec-l-ene-6-carboxylate (lb )
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as a colorless oil: bp 170 °C (0.43 mm); IR (neat) v 1740 (ester C = 0 ), 
1680 (ketone C = 0 ). 1500 (Ar), 788,756,699 cm" 1 (Ar); NMR (CC14) 
b 7.25 (s, 5, ArH), 5.78 (s, 1, =CH ), 5.13 (s, 2, ester CH2), 2.74-0.94 (m, 
12, ring CHo).

Anal. Calcd for Ci8Hz0O3: C, 76.03; H, 7.09. Found: C, 75.89; H,
7.22.

Reduction of a 33.4-g (0.12 mol) sample of this material with lithium 
tri-fert-butoxyaluminum hydride, prepared from 5.2 g (0.13 mol) of 
lithium aluminum hydride, yielded 32.2 g (96%) of the alcohol 2b. 
Treatment of 10 g (35 mmole) of crude 2b with 2.78 mL (38 mmole) 
of thionyl chloride in 30 mL of dry pyridine at 0 °C yielded 7.81 g 
(74%) of the chloro compound 3b. A 10.3-g (34 mmole) sample of 3b 
was allowed to react with an equal volume of methylamine in a pres
sure bomb for 18 h at 60 °C. The crude hydrochloride of 4b was re
crystallized from ethanol-ether to give 3.9 g of material, mp 172-174 
°C, which was converted to 2.9 g (29%) of 4b by treatment with sodium 
hydroxide: bp 142 °C (0.09 mm); IR (neat) v 3450 (NH), 1740 (C = 0 ), 
1640 (C=C), 1620 (Ar); 752,736, 698 cm“ 1 (Ar); NMR (CC14) b 7.25 
(s, 5, ArH), 5.50 (d, 1,-7 = 4 Hz, =C H ), 5.06 (s, 2, ester CH2), 2.89 (m, 
1. HCN), 2.30 (s, 3, NCH3), 2.27-0.98 (m, 12, ring CH2), 0.82 (s, 1, 
NH).

Anal. Calcd for Ci9H2sN0 2: C, 76.22; H, 8.42; N, 4.68. Found: C, 
76.09; H, 8.61; N, 4.57.

When a 6.95-g (23 mmol) sample of 4b was refluxed for 24 h with 
100 mL of 20% hydrochloric acid, 4.7 g (82%) of frans-3-(methyl- 
amino)-6-carboxybicyclo[4.4.0]dec-l-ene chloride, mp 225 °C dec, 
was obtained that had spectral properties identical with those of the 
product obtained from the ethyl ester, 4a, as described above.

Synthesis of cis- and ti-ans-3-Carboxy-2,3-dimethyl-6-(tri- 
methylammonio)cyclohexane Chloride (18a and 20a). Ethyl
2,3-Dimethyl-6-(methylamino)cyclohexene-3-carboxylate (14a). 
Ethyl 2,3-dimethyl-6-ketocyclohexene-3-carboxylate (11a) was 
prepared by condensation of ethyl methylacetoacetate with methyl 
vinyl ketone to ethyl 2-acetyl-2-methyl-5-ket.ohexanoate followed by 
piperidine acetate catalyzed cyclization.19 Following the procedure 
of Plieninger, Arnold, and Hoffmann,'20 a 42-g (0.215 mol) sample of 
this material was converted in 100% yield to the alcohol 12a by 
treatment with 4.1 g (0.107 mol) of sodium borohydride in 300 mL of 
absolute ethanol at 0 °C. By the action of thionyl chloride in benzene 
12a was converted in 100% yield to the chloride 13a, obtained as a pale 
yellow oil which was used without purification. Treatment of 13a in 
benzene solution with methylamine for 12 days at room temperature 
yielded, after distillation of the crude product through a 12-in. Vigreux 
column, 79 g (79%) of 14a as a colorless oil: bp 80-81 °C (0.35 mm); 
IR (neat) v 3380 (NH), 1735 (C = 0), 1675 cm" 1 (C=C); NMR (CC14) 
b 5.47 (q, 1,7 = 1.5 Hz, =C H ), 4.10 (q, 2 ,7  = 7 Hz, ester CH->), 2.98 
(m, 1, HCN), 2.36 (s, 1, NCH3), 2.24-1.41 (m, 7. ring CH2, = C C H 3),
1.26 (s, 3, CCH3), 1.22 (t, 3, 7  = 7 Hz, ester CH:i), 1.02 (s. 1, NH).

Anal. Calcd for C12H21N 02: C, 68.21; H, 10.02; N, 6.63. Found: C,
68.38; H, 9.98; N, 6.79.

l,6,8-Trimethyl-8-azabicyclo[2.2.2]oct-5-en-7-one (16a).
Employing the procedure described above for the conversion of 4a 
to 6, 79 g (0.37 mol) of 14a was treated with methylmagnesium iodide 
to yield, after distillation of the crude product through a 6-in. Vigreux 
column, 19 g (31%) of 16a, obtained as a colorless oil: bp 69-70 °C (0.20 
mm); IR (neat) v 1675 (C = 0 ), 1640 cm- 1 (C=C); NMR (CC14) b 6.08 
(t of t, 1, 7  = 1.5 and 5.5 Hz, =C H ), 4.02 (m, 1, HCN), 2.75 (s, 3, 
NCH;(), 2.21- 1.11 (m. 4, ring CH2), 1.72 (d, 3 ,7  = 1.5 Hz, =C C H 3),
1.27 (s, 3, CCH3).

Anal. Calcd for C10HISNO: C, 72.69; H, 9.15; N, 8.48. Found: C, 
72.54; H, 8.97; N, 8.61.

cis-2,3-Dimethyl-6-(methylamino)cyclohexenecarboxylic 
Acid (17a). A two-phase system containing 27 g of 16a and 270 mL 
of 2 N sodium hydroxide was refluxed for 42 h in an atmosphere of 
nitrogen. The cooled solution was filtered, and the filtrate was washed 
three times with ether and acidified to pH 2 with concentrated hy
drochloric acid. The acidified solution was filtered, washed with three 
portions of ether, and evaporated under reduced pressure. The residue 
was triturated three times with ethanol to leave 22 g (61%) of the 
chloride of 17a, mp 211 °C dec. A slurry of 7.2 g (33 mmol) of the 
chloride was stirred for 5 h at room temperature with 5.1 g (22 mmol) 
of silver oxide in 150 mL of water to yield 6.0 g (100%) of a solid which 
was recrystallized from acetone-ethanol to give 17a as colorless 
rhombs: mp 220 °C dec; IR (KBr) v 1635 cm-1 (C02- ); NMR (D20) 
b 5.66 (m, 1, =C H ), 3.87 (m, 1 HCN), 2.86 (s, 3, NCH3), 2.42-1.50 (m, 
7, ring CH2 and =C C H 3), 1.33 (s, 3, CCH3).

Anal. Calcd for C10H17NO2: C, 65.54; H, 9.35; N, 7.64. Found: C, 
65.42; H, 9.40; N, 7.50.

trans-2,3-DimethyI-6-(methylamino)cyclohexenecarboxylic 
Acid (19a). The combined acid extract from the preparation of
l,6,8-trimethyl-8-azabicyclo[2.2.2]oct-5-en-7-one (16a) was treated

as described above for the corresponding tricyclic lactam 6 to yield 
19% of ethyl trans-2,3-dimethyl-6-(methylamino)cyclohexene- 
carboxylate (15a) as a colorless oil: bp 78 °C (0.20 mm); IR (neat) 
v 3380 (NH), 1735 (C = 0 ), 1640 cm“ 1 (C=C); NMR (CC14) b 5.44 (q,
1,7  = 1.4 Hz, =C H ), 4.09 (q, 2 ,7  = 7.5 Hz, ester CH2), 2.99 (m, 1, 
HCN), 2.35 (s, 3, NCH.0,2.22-1.42 (m, 7, ring CH2 and =C C H 3), 1.24 
(s, 3, CCH?), 1.22 (t, 3 ,7  = 7.5 Hz, ester CH3), 0.72 (s, 1, NH).

Anal. Calcd for Ci2H21N 02: C, 68.21; H, 10.02; N, 6.63. Found: C, 
68.05; H, 10.13; N, 6.67.

A 15-g sample of 15a was refluxed for 24 h with 150 mL of 2 N hy
drochloric acid in an atmosphere of nitrogen to yield 13 g (87%) of the 
chloride of 19a, obtained as colorless rhombs after recrystallization 
from ethanol-acetone, mp 178 °C dec. Treatment of this material with 
silver oxide in the manner described above for the cis isomer yielded 
19a as colorless rhomhs after recrystallization from ethanol-acetone: 
mp 239 °C dec; IR (KBr) v 1635 cm" 1 (C02~); NMR (CC14) b 5.64 (m, 
1, =C H ), 3.92 (m, 1, HCN), 2.85 (s, 3, NCH3), 2.50-1.60 (m, 7, ring 
CH2 and =C C H 3), 1.39 (s, 3, CCH3).

Anal. Calcd for C10H17NO2: C, 65.54; H, 9.35; N, 7.64. Found: C, 
65.63; H, 9.36; N, 7.54.

cis-3-Carboxy-2,3-dimethyl-6-(trimethylammonio)cyclohex- 
ene Chloride (18a). A slurry of 4.5 g (25 mmol) of 17a and 6.9 g (29 
mmol) of silver oxide in 90 mL of water was treated with an excess of 
methyl iodide in the manner described above for the bicyclic analogue 
7 to yield 4.6 (77%) of crude product which was recrystallized from 
ethanol-acetone to yield 18a as colorless rhombs: mp 229 °C dec; IR 
(KBr) V 1730 (C = 0 ), 1670 (C=C), 730 cm“ 1 (CN+); NMR (D20 ) b
5.94 (m, 1, HCN). 3.32 (s, 9, NCH3), 2.56-1.67 (m, 7, ring CHo and 
=C C H 3), 1.45 (s, 3, CCH3).

Anal. Calcd for Ci2H22ClN02: C, 58.15; H, 8.90; N, 5.65. Found: C, 
58.01; H, 8.98; N, 5.58.

trans-3-Carboxy-2,3-dimethyl-6-(trimethylammonio)cyclo- 
hexene chloride (20) was obtained in a comparable fashion as col
orless rhombs after recrystallization from ethanol-acetone: mp 225 
°C dec; IR (KBr) v 1725 (C = 0 ), 1665 (C=C), 720 cm- 1 (CN+); NMR 
(DoO) b 5.83 (m, 1. =C H ), 4.25 (m, 1, HCN), 3.25 (s, 9, NCH3),
2.60-1.72 (m, 7, ring CH2 and =C C H 3), 1.49 (s, 3, CCH3).

Anal. Calcd for Ci2HooClN02: C, 58.15; H, 8.90; N, 5.65. Found: C, 
58.02; H, 9.06; N, 5.48.

Synthesis of cis-3-Carboxy-3-methyl-6-(trimethylammo- 
nio)cyclohexene Chloride (18b). Ethyl 3-Methyl-6-(methyl- 
amino)cyclohexene-3-carboxylate (14b). Following the general 
procedures described above for the preparation of 14a, ethyl 2- 
formylpropanoate21 was condensed with methyl vinyl ketone22 to yield 
ethyl 2-formyl-2-methyl-5-ketohexanoate, which was cyclized in the 
presence of piperidine acetate to ethyl 3-methyl-6-(methylam- 
ino)cyclohexene-3-carboxylate (lib), obtained as a colorless oil, bp 
87-88 °C (2 mm). Reduction of 239 g (1.31 mol) of 1 lb in 650 mL of 
absolute ethanol by treatment at - 5  °C with a solution of 24.8 g (0.66 
mol) of sodium borohydride in 1500 mL of absolute ethanol yielded 
240 g (100%) of the alcohol 12b as a slightly greenish oil which was 
converted, without purification, to the chloride 13b by treatment with 
thionyl chloride in benzene at 0-5 °C. This product, isolated in 100% 
yield, was also used without purification for conversion to the meth- 
ylamino compound 14b by treatment with methylamine in the 
manner described above for the analogues 3a and 13a. The product 
14b was obtained in 37% yield as a colorless oil: bp 65-68 °C (0.36-0.27 
mm); IR (neat) v 3400 (NH), 1740 (C = 0 ), 1660 cm" 1 (C=C); NMR 
(CC14) b 5.68 (s, 3, NCH3), 2.27-1.10 (m, 4, ring CH2), 1.23 (s, 3, CCH3).
1.20 (t, 3, J = 7 Hz, ester CH3), 0.82 (s, 1, NH).

Anal. Calcd for C „H 19N 02: C, 66.97; H, 9.71; N, 7.10. Found: C, 
67.01; H, 9.67; N, 7.09.

6,8-Dimethyl-8-azabicyclo[2.2.2]oct-2-en-7-one (16b). A 20-g 
sample of 14b was heated for 20 h at 170 °C in an atmosphere of ni
trogen. The reaction mixture was dissolved in 100 mL of ether, and 
the ether solution was saturated with anhydrous hydrogen chloride. 
The precipitate that formed was removed by filtration, the filtrate 
was again saturated with hydrogen chloride, and a second crop of 
crystals was collected. The filtrate was concentrated, and the residue 
was distilled through a 6-in. Vigreux column to yield 3.1 g (31%) of 16b 
as a colorless oil: bp 60 °C (0.21 mm); IR (neat) v 1675 (C = 0 ), 1635 
cm" 1 (C=C); NMR (CC14) b 6.41 (d of d, 1, J = 7.5 and 6 Hz, 
=CHCN), 6.00 (d of d, J  = 7.5 and 1 Hz, HC=CCN>, 4.24-4.00 (m, 
1, HCN), 2.80 (s, 3, NCH3), 2.20-1.00 (m, 4, ring CH2), 1.32 (s, 3, 
CCH3).

Anal. Calcd for C9H13NO: C, 71.49: H, 8.67; N, 9.26. Found: C, 71.36; 
H, 8.70; N, 9.63.

The precipitat e described above consisted of the hydrochloride of 
the starting material 14b, from which 14b could be recovered by 
basification.

cis-3-Methyl-6-(methylamino)cyclohexenecarboxylic Acid
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Table II. pK  Values o f  Com pounds 11-10 and 17-20

compd pKi P Ko

7 3.79 ±  0.04 11.10 ±0 .03
8 3.97 ±  0.02
9 3.75 ±  0.02 10.92 ±  0.02

10 3.79 ±  0.04
17a 3.82 ±  0.04 11.08 ±0 .04
18a 3.95 ±  0.03
19a 3.79 ±  0.02 10.81 ±  0.01
20 3.83 ±  0.02

(17b). A mixture of 9.37 g of 16b in 93 mL of 2 N sodium hydroxide 
was refluxed for 24 h in an atmosphere of nitrogen. The product was 
worked up as described above for 17a to give the chloride of 17b as 
colorless rhombs, mp 182 °C dec. A slurry of 3 g of the chloride and
2.55 g of silver oxide in 60 mL of water was stirred at room tempera
ture for 4 h to yield 2.24 g (91%) of material from which pure 17b was 
obtained as colorless rhombs by recrystallization from absolute eth
anol: mp 256 °C dec; IR (KBr) v 2500 (N+H), 1640 cm' 1 (C02“ ); NMR 
(D ,0) S 6.11 (d of d, 1 ,J =  10 and 1 Hz, HC=CCN), 5.65 (d of d, J = 
10 and 3 Hz, =CHCH), 3.91-3.58 (m, 1, HCN), 2.67 (s, 3, NCH3),
2.30-1.04 (m, 4, ring CH2), 1.18 (s, 1, CCH3).

Anal. Calcd for C9H15N 02: C, 63.88; H, 8.93; N, 8.28. Found: C, 
63.56; H, 9.04; N, 8.12.

eis-3-Carboxy-3-methyl-6-(trimethylammonio)eyclohexene 
Chloride (18b). A slurry of 4 g (19.4 mmol) of 17b and 7.86 g (34 
mmol) of silver oxide in 80 mL of water was treated with an excess of 
methyl iodide in the manner described above for the bicyclic analogue 
7 to yield 3.18 g (70%) of crude product which was recrystallized from 
ethanol-acetone to yield 18b as colorless rhombs: mp 250 °C dec; IR 
(KBr) v 1730 (C = 0 ), 1670 (C=C), 740 cm -' (CN+); NMR (D20 ) <5
6.29 (d of d, 1, J = 10 and 1 H z,=CH CH ), 6.00 (br d, 1, J = 10 Hz, 
HC=CCN), 4.39-4.03 (m, 1, HCCN), 3.11 (s, 9, NCH3), 2.55-1.50 (m, 
4, ring CH2), 1.30 (s, 3,CCH3).

Anal. Calcd for CiiH20C1NO2: C, 56.46; H, 5.55; N, 5.99. Found: C, 
56.02; H, 5.49; N, 6.08.

Other Syntheses. Ethyl 3-oxim inobicyclo[4.4.0]dec-l-ene- 
6-carboxylate (oxime of la) was obtained as colorless rhombs, mp 
104-106 °C.

Anal. Calcd for Ci3H i9N 03: C, 65.80; H, 8.07; N, 5.90. Found: C, 
65.79; H, 7.95; N, 6.01.

3-M ethyl-2-oxo-3-azabicyclo[4.4.0]deca-l(6),4-diene (21). A
4-g sample of 6 was heated for 30 min at 265-270 °C in an atmosphere 
of nitrogen. The gas evolved during this treatment decolorized a so
lution of bromine in carbon tetrachloride. The reaction mixture was 
distilled, and the distillate was recrystallized from petroleum ether 
(bp 60-68 °C) to yield 21 as colorless rhombs: mp 81-82 °C; IR (KBr) 
v 1660 (C = 0 ), 684 cm- 1 (CH=CH); NMR (CDC13) « 7.12 (d, 1, J = 
7 Hz, =CHCN), 5.92 (d, 1, J = 7 Hz, =C H ), 3.50 (s, 3, NCH3),
2.76-2.18 (m, 4, allylic CH2), 1.99-1.42 (m, 4, ring CH2); UV (95% 
EtOH) Amax (f) 295 (6760), 236 (3980) nm.

Anal. Calcd for C„,H13NO: C, 73.59; H, 8.09; N, 8.58. Found: C, 
73.44; H, 8.00; N.8.61.

1,4,5-Trim ethyl-6-oxo-l-azacyclohexa-2,4-diene (22). A 6-g
sample of 16a was heated for 30 min at 265-270 °C in an atmosphere 
of nitrogen. The gas evolved during this treatment decolorized a so
lution of bromine in carbon tetrachloride. The reaction mixture, 
shown by NMR analysis to consist of 65% of 22 and 35% of 1,8-di- 
methyl-2-methylene-8-azabicyclo[2.2.0]octan-7-one (24), was purified 
by crystallization from petroleum ether (bp 28-30 °C) to yield 22 as 
colorless rhombs: mp 63-64 °C IR (KBr) v 1665 (C = 0 ), 682 cm-1 
(CH=CH); NMR (CDC13) 6 7.20 (d, 1, J  = 7 Hz, =CHCN), 6.00 (d, 
1, J  = 7 Hz, =CH CN), 3.51 (s, 3, NCH3), 2.12 (s, 3, CH3), 2.08 (s, 3, 
CH3).

Anal. Calcd for C8Hn NO: C, 70.04; H, 8.08; N, 10.21. Found: C, 
70.17; H, 7.92; N, 10.23.

The lactam 24 was isolated from the reaction mixture by chro
matography on alumina and was obtained, after distillation, as a 
colorless oil: IR (neat) t> 1665 (C = 0 ), 890 cm-1 (C=C); NMR (CCI4 ) 
& 4.84 (m, 2, allvlic CH2), 2.08-1.47 (m, 4, ring CH2), 1.19 (s, 3, 
CCH3>.

Anal. Calcd for C10HI5NO: C, 72.69; H, 9.15; N, 8.48. Found: C, 
72.48; H, 9.37; N, 8.20.

Physical Measurements. Ionization Constant Measurements.
Using the method described by Albert and Serjeant,23 the pK  values

shown in Table II were obtained. The pH measurements were made 
with a Beckman Model G meter equipped with a Beckman 41252 
general purpose glass electrode and a Beckman 41239 fiber junction 
calomel reference electrode. All measurements were made under a 
slow stream of nitrogen at 25 ±  0.2 °C after the electrodes had been 
immersed in the solutions for 30 min.

'H NMR Measurements. A 0.5-mL quantity of a 0.5 M deuterium 
oxide solution of the compound was placed in an NMR tube and 
treated with a measured quantity of 5 N trifluoroacetic acid-di or 
sodium deuterioxide (0,0.25,0.5,0.75,1, and 2 molar equiv amounts 
used). The spectral characteristics of the Ha and Ht, hydrogens are 
shown in Table I.
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8 chloride analogue, 67394-07-4; 10 chloride analogue, 67394-08-5; 
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Intramolecular oxidative coupling of monophenolic benzyl- and phenethyltetrahydroisoquinolines using VOF3-  
TFA/TFAA as the coupling reagent has resulted in remarkably efficient syntheses of several aporphines, homoa- 
porphines, homoproaporphines, and a homoproerythrinadienone. Treatment of 7-hydroxy-l-benzyltetrahydroiso- 
quinolines 3c, 3f, and 3h with VOF3-TFA/TFAA gave aporphines 4a, 4b, and 4d (70-80%). Oxidations of 7-hy
droxy- 1-phenethyltetrahydroisoquinolines 3i, 3k, 3n, and 3p yielded, depending upon the reaction time, homo
proaporphines 8a, 8b, 9a, and 9b (4-54%) and homoaporphines 7a, 7e, 7f, and 7g (54-77%). Oxidation of 6-hydroxy- 
1-phenethyltetrahydroisoquinoline 11 proceeded smoothly to give homoproerythrinadienone 12 in 98% yield. 
When the VOF3-TFA/TFAA oxidation was extended to a monophenolic iV-benzylphenethylamine (16), a dienone 
(18), the precursor of the Amaryllidaceae alkaloid (i)-oxocrinine, was obtained in 88% yield.

Although diphenolic oxidative coupling reactions play 
an important role in the biosynthesis of alkaloids,3 the syn
thetic utility of intramolecular oxidative coupling of diphenols 
has been limited by low yields. Recently, attention has been 
directed toward the utilization of monophenolic substrates 
in an attempt to develop effective intramolecular coupling 
methods for use in alkaloid synthesis.4’5 Schwartz et al. syn
thesized homomorphinandienones via monophenolic oxida
tive coupling using thallium tris(trifluoroacetate) in dichlo- 
romethane as the reagent.43 In 1973, we reported the conver
sion of the monophenolic benzylisoquinoline (1) to the qui- 
nonoid oxoaporphine (2) using a variety of oxidizing agents.6 
One of the most effective agents was vanadium oxytrifluoride 
(VOF3) in trifluoroacetic acid (TFA) yielding 2 in 59% yield. 
Since then we have demonstrated that VOF.i is a useful re
agent for intramolecular oxidative coupling of nonphenolic 
benzyl-7 and phenethyltetrahydroisoquinolines.8 We now 
report the VOFs-induced intramolecular oxidative coupling 
of monophenolic tetrahydroisoquinoline derivatives and 
iV-benzylphenethylamines resulting in remarkably efficient 
syntheses of several aporphines, homoaporphines, homo
proaporphines, a homoproerythrinadienone, and the Amar
yllidaceae alkaloid (i)-oxocrinine precursor (18 ).9

(±)-Codamine (3e) and (±)-/V-trifluoroacetylnorcodamine 
(3 c ), typical monophenolic benzyltetrahydroisoquinoline 
derivatives, were prepared by the conventional method8 and 
subjected to VOF3-TFA/TFAA oxidation. Treatment of a 
solution of (i)-iV-trifluoroacetylnorcodamine (3 c ) in di- 
chloromethane and trifluoroacetic acid:trifluoroacetic an
hydride (TFA/TFAA; 20:1 by wt.)14 at —10 °C with a solution 
of VOF3 in ethyl acetate and TFA/TFAA (20:1 by wt) for 10 
min, followed by aqueous workup, gave (i)-iV-trifluoroa- 
cetylwilsonirine (4a, 70%) along with morphinandienone (5a, 
8%). The structure of aporphine 4a was confirmed by trans
forming it to the naturally occurring aporphine (±)-thali- 
cimidine11 (4b) via hydrolysis of the amide function with 1 N 
methanolic sodium hydroxide followed by N-methylation with 
formaldehyde-sodium borohydride. The structure of mor
phinandienone 5a was confirmed by alkaline hydrolysis to the 
secondary amine (5b ), conversion of the secondary amine to 
the N-methyl dienols (6) by treatment with formaldehyde- 
sodium borohydride, and subsequent oxidations of the dienols 
with manganese dioxide to (± ) -0 -methylflavinantine 
( 5 c ) . «

Oxidation of codamine (3e ) by the above procedure gave 
a complex mixture of products from which only (±)-thalic- 
midine11 (4b, 38%) was isolable. Interestingly, when codamine 
(3e) was treated with diborane in tetrahydrofuran-dichloro- 
methane, and the resulting protected amine (3 f) oxidized with 
VOF3, thalicmidine (4b ) was obtained in 80% yield after re
moval of the blocking group by heating with anhydrous so-

3a, R '
b, R ‘
c, R 1
d, R 1
e, R '

f, R ‘

g, R 1

’ CH2Ph;
’ CH2Ph; 
R 2 = H; 

’ CH2Ph;
’ R 2 = H;

’ R 2 = H;

R 2 = H;

R 2 = R" = H; R 3 = C H ,; n = 1 
R 2 = H; R 3 = CH3; R 4 = C O CF,; n = 1 
R 3 = CH3; R 4 = C O C F ,;n  = 1 
R 2 = H; R 3 = R 4 = CH 3; n = 1 
R 3 = R 4 = CH3; n = 1 

^ B H 3
R 3 = CH3;R 4 =C^ ; n = 1

CH3
R 3 = CH,Ph; R 4 = CH3; n = 1 

BH,
h, R 1 = R 2 = H; R 3 = CH3Ph; R 4 =

'C H ,
; n

■■ R 2 = H; 
’ CH2Ph; 
’ R 2 = H; 
’ CH2Ph;
’ CH,Ph;
’ H; R 2 = 
’ CH2Ph;
’ H; R 2 =

R 3 = CH3; R 4 = C O C F ,; n = 2 
R 2 = H; R 3 = R 4 = CH ,; n = 2 
R 3 = R 4 = CH3; n = 2 
R 2 = OCH ,; R 3 = CH ,; R 4 = H; n = 2 
R 2 = OCH3; R 3 = CH ,; R 4 = CO CF,; n = 2 
OCH ,; R 3 = CH3; R4 = CO CF,; n = 2 
R 2 = Ö C H ,; R 3 = R 4 = C H ,;n  = 2 
O C H ,; R 3 = R 4 = CH3; n = 2

dium carbonate in methanol under reflux. Morphinandienone 
5 c  could not be detected by thin layer chromatography in ei
ther of the latter experiments. The facile and high yield con
versions of the monophenolic benzyltetrahydroisoqunolines 
3c and 3e to aporphines 4a and 4b  constitute an efficient route 
to 1,2,9,10-tetrasubstituted aporphines.

In order to test the general applicability of the VOF3-  
TFA/TFAA coupling method for the synthesis of 1,2,9,10- 
tetrasubstituted aporphines, the total synthesis of (±)-brac- 
teoline (4d ) was undertaken. The monophenolic benzylte
trahydroisoquinoline 3g required for the synthesis was pre
pared by the method of Hara et al.13 Treatment of 3g with 
diborane in THF-CH9CI9 gave the desired protected amine 
3h.
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3c, e, f, h — *■

Oxidation of 3h with VOF3, according to the procedure 
described earlier, gave (±)-10-benzyloxy-l-hydroxy-2,9- 
dimethoxyaporphine (4 c ) in 75% yield after removal of the 
blocking group by heating with sodium carbonate in methanol 
under reflux. Catalytic débenzylation of 4 c  afforded (±)- 
bracteoline13 (4d ) in 78% yield.

To evaluate the potential of the monophenolic oxidative 
coupling procedure using VOF3-TFA/TFAA for the synthesis 
of homoaporphines, and homomorphinandienones, 7-hy
droxy- 1-phenethyltetrahydroisoquinolines 3i, 3k , 3n, and 3p 
were prepared by the conventional method8 and subjected to 
VOF3 oxidation.

Oxidative coupling of the phenethyltetrahydroisoquino- 
line 3i with VOF3 at —15 °C for 10 min according to the pro
cedure described earlier yielded the homoaporphine 7a 8  (40%) 
along with the homoproaporphine 8 a  (18%). The structure of 
the homoproaporphine 8 a was assigned on the basis of the 
following evidence. Treatment of 8 a  with boron trifluoride 
etherate in dichloromethane at room temperature for 2 h gave 
homoaporphine 7d, which on hydrolytic cleavage of the amide 
function with 1 N methanolic sodium hydroxide followed by 
N-methylation with formaldehyde-sodium borohydride 
treatment gave a diphenolic homoaporphine (7 c ) , identical 
with the product obtained from the dienone-phenol rear
rangement of 8 b . 2 1

Oxidation of phenethyltetrahydroisoquinoline 3k  with 
VOF3 at —10 °C for 6  min gave the homoproaporphine 
gj,i7,1 8 ,2 1  (42%) in addition to homoaporphine 7e19 (14%).

Interestingly, only one isomer of the homoproaporphine, 
8 a  or 8 b , was obtained in the oxidation of 3i or 3k  in contrast 
to the diastereoisomeric mixtures obtained by oxidation of the 
diphenolic precursor.8

Oxidation of the phenethyltetrahydroisoquinoline 3n with 
VOF3 at —10 °C for 10 min yielded homoaporphine 7f and 
homoproaporphine 9a in 46 and 4% yield, respectively. The 
structure of homoaporphine 7f was confirmed by transfor
mation into the naturally occurring homoaporphine (±)- 
kreysigine (7g ) via hydrolysis of the amide function with 1 N 
methanolic sodium hydroxide followed by N-methylation with 
formaldehyde-sodium borohydride. The structure of homo
proaporphine 9a was assigned on the basis of its physical and 
spectral data (see Experimental Section).

Oxidation of phenethyltetrahydroisoquinoline 3p with

V O F 3  at — 1 0  °C for 10 min gave homoproaporphine 9 b 2 0  

(54% ) in addition to (±)-kreysigine20 (7g , 16%).
Homoproaporphines 8 a, 8 b , 9a, and 9b  underwent smooth 

dienone-phenol rearrangement upon treatment with boron 
trifluoride etherate in dichloromethane at room temperature. 
Thus, homoproaporphine 8 a  afforded homoaporphine 7d in 
93% yield. The structure of 7d was confirmed by transforming 
it to homoaporphine 7 c , as described above. Homoproapor
phine 8 b  afforded homoaporphine 7 c 2 1  in 70% yield. Homo
proaporphine 9a gave homoaporphine 7h  in 87% yield. The 
structure of homoaporphine 7h was assigned on the basis of 
its physical and spectral data (see Experimental Section). 
Homoproaporphine 9b  afforded homoaporphine (±)-multi- 
floramine (7 i ) 2 0  in 72% yield.

The formation of homoproaporphines 8 a , 8 b , 9a, and 9b 
and of homoaporphines 7a, 7e, 7 f, and 7g  in the oxidation of 
3i, 3k , 3n, and 3p, and the demonstrated facile acid-catalyzed 
rearrangment of homoproaporphines 8 a , 8 b , 9a, and 9 b  to 
homoaporphines 7d, 7 c , 7h , and 7i, suggested that the for
mation of homoaporphines 7a, 7 c , 7 f, and 7g  from 3i, 3k , 3n, 
and 3p may proceed via homoproaporphine-type intermedi
ates (e.g., 10) and, in part, via direct coupling. Thus, homoa
porphines 7a, 7e , 7 f, and 7g might be obtained in high yields 
if enough time were allowed for rearrangement of the corre
sponding homoproaporphine-type intermediates (e.g., 10) 
Indeed, the phenethyltetrahydroisoquinolines 3i, 3k, and 3n 
gave homoaporphines 7a (77%), 7e (60%), and 7 f  (54%), re
spectively, upon treatment with VOF3-TFA/TFAA for 30-60 
min. The phenethyltetrahydroisoquinoline 3p failed to give 
homoaporphine 7g in high yield even after longer reaction

7a. R 1 = H; R 2 = R 3 = CH3; R4 = COCF,
b. R 1 = R 2 = H; R 3 = R 4 = CH3
c. R 1 = R 3 = H; R 2 = R 4 = CH3
d. R 1 = R 3 = H; R 2 = CH3; R 4 = COCF,
e. R ' = H; R 2 = R 3 = R 4 = CH3
f. R 1 = OCH3; R 2 = R 3 = CH3; R 4 = COCF,
g. R ‘ = OCH3; R 2 = R 3 = R 4 = CH,
h. R ' = OCH3; R 2 = H; R 3 = CH ,; R 4 = COCF,
i. R 1 = OCH,; R 2 = H; R 3 = R 4 = CH,

8a, R ‘ = H; R 2 = O CH ,; R 3 = COCF, 9a, R = COCF,
b, R ' = H; R 2 = OCH ,; R 3 = CH, b, R = CH,
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time, probably owing to slow rearrangement of homoproa- 
porphine-type intermediate (10).

To evaluate the potential of the monophenol oxidative 
coupling procedure for the synthesis of homoproerythrinad- 
ienones, 6-hydroxyl-l-phenethyltetrahydroisoquinoline 11, 
prepared by catalytic débenzylation of l-(3,4-dimethoxy- 
phenethyl)-6-benzyloxy-7-methoxy-l,2,3,4-tetrahydroiso- 
quinoline,8 was subjected to VOF3 oxidation (10 min at —10 
°C) and homoproerythrinadienone 12 was obtained in 98% 
yield. This result contrasts remarkably with those of prior 
studies of oxidative cyclization of diphenolic precursors using 
VOCI3 in dichloromethane22 (35%) and VOF3-TFA/TFAA8 
(78%).

The remarkable success achieved in the synthesis of various 
isoquinoline alkaloids using VOF3-TFA/TFAA as the cou
pling reagent prompted us to evaluate the potential of this 
coupling method for the synthesis of dienone 18, the precursor 
of the amaryllidaceae alkaloid (i)-oxocrinine (17), from 
monophenolic N-benzylphenethylamine 16. The phenethyl- 
amine 15 was prepared by condensation of piperonal (13) and 
tyramine (14) to the corresponding imine followed by bor-

OHI

e a  * HN
$

13 14
OH

A  ç f

? - « x ?
R

15, R = H
COCF,

18
16, R = COCF,

ohydride reduction.43*23 Treatment of the amine 15 with tri- 
fluoroacetic anhydride and pyridine yielded the /V-trifluo- 
roacetylnorbelladine derivative 16. When a solution of 16 in 
CH2CI2 and TFA/TFAA was treated with a solution of VOF3 
in EtOAc and TFA/TFAA (at -10  °C for 10 min), the dienone 
18 was obtained in 88% yield, as compared to the 19% yield 
obtained by Schwartz using thallium tris(trifluoroacetate)43 
as the coupling reagent.

E x p e r im e n ta l  S e c t io n

General. Melting points were determined on a Mettler FP2 melting 
point apparatus and are uncorrected. UV and IR spectra were de

termined on Beckman DK-2A and Perkin-Elmer 337 spectropho
tometers, respectively. NMR spectra were recorded on a JEOL PS- 
lOOp FT NMR spectrometer interfaced to a Texas Instruments JEOL 
980A computer with Me4Si as the internal standard. Mass spectra 
were obtained on Hitachi Perkin-Elmer RMU-6E and AEI MS-902 
spectrometers. All thin layer chromatography was carried out on 
commercially prepared plates (E. M. Laboratories); Silica Gel 60 
F-254 plates (2,0.5, or 0.25 mm, thickness 20 X 20 cm) were used for 
preparative TLC. Visualization of the alkaloids was performed by 
means of ultraviolet light and/or by spraying the entire analytical 
plate, or the edges of the preparative plate, with an aqueous solution 
of iodoplatinic acid reagent (1.0 g in 250 mL of water containing 15 
g of potassium iodide). Microanalyses were carried out by Atlantic 
Microlab, Inc., Atlanta, Ga. Column chromatography was carried out 
on Silica Gel 60 (70-230 mesh ASTM) obtained from E. M. Labora
tories. Anhydrous sodium sulfate was used as the drying agent, ex
clusively. Benzyl- and phenethyltetrahydroisoquinolines 3a-p were 
prepared by a standard method,8 i.e., condensation of benzyloxy- 
phenethylamines and acids to corresponding amides followed by 
Bischler-Napieralski cyclization, NaBH4 reduction, N-acetylation 
or N-methylation, and subsequent debenzylation by hydrogenol- 
ysis.

VOF3 Oxidation. General Procedure. In a typical oxidation
0.25-1.0 mmol of the substrate [0.05 M solution in CH2CI2 containing 
20% TFA/TFAA (20:1 by wt)] was treated with 2.5 molar equiv of 
VOF3 [dissolved in a minimum volume of 1:1 solution of ethyl acetate 
and TFA/TFAA (20:1 by wt)] at —10 °C (ice-salt bath) and the re
sulting dark blue solution was stirred for various lengths of time (see 
Table I). The reaction was quenched with 10% citric acid solution and 
the pH adjusted to ~7.5 with 58% NH4OH. The solution was extracted 
with CH2CI2 and the extract washed with brine, dried, and evaporated 
under reduced pressure to give the crude product.

l-(3,4-Dimethoxybenzyl)-7-benzyloxy-6-methoxy-l,2,3,4- 
tetrahydroisoquinoline (3a). From 9.8 g (21.6 mmol) of l-(3,4- 
dimethoxybenzyl)-7-benzyloxy-6-methoxy-3,4-dihydroisoquinoline10 
by NaBH4 reduction in methanol there was obtained 8.84 g (90%) of 
3a as the hydrochloride salt: mp 214.5-215 °C (methanol-ether); 
NMR (CDCI3/CD3OD) b 7.32 (s, 5 H, PhCH2), 6.77 (m, 4 H, ArH), 6.31 
(s, 1 H, ArH), 4.87 (d, 2 H, OCH2, J = 3 Hz), 3.87 (s, 6 H, OCH3), 3.82 
(s, 3 H, OCH3).

Anal. Calcd for C26H29N0 4-HC1: C, 68.48; H, 6.63; N, 3.07. Found: 
C, 68.21; H, 6.65; N, 3.12.

l-(3,4-Dimethoxybenzyl)-7-benzyloxy-6-methoxy-iV-tri- 
fluoroacetyl-l,2,3,4-tetrahydroisoquinoline (3b). From 2.03 g (4.83 
mmol) of 3a, 3 mL of TFAA, and 0.4 mL of pyridine in 25 mL of 
CH2CI2 there was obtained, after stirring at room temperature for 4 
h and ususal workup, 2.5 g of a white solid. Crystallization from 
methanol afforded 2.368 g (95%) of 3b: mp 159.5-160 °C; IR (CHCI3) 
1690 cm" 1 (C=0); NMR (CDC13) b 7.34 (s, 5 H, PhC.HoO), 6.50 (m, 
5H, ArH), 5.47 (t, 1 H. CH, J = 6.0 Hz), 4.96 (s, 2 H, OCHo), 3.86,3.84, 
and 3.74 (all s, 9 H, OCH3).

Anal. Calcd for C28H28OsNF3: C, 65.23; H, 5.47; N, 2.72. Found: C, 
65.08; H, 5.49; N, 2.74.

(±)-JV-Trifluoroacetylnorcodamine (3c). From 1.3 g (2.5 mmol) 
of 3b in 50 mL of ethanol containing 200 mg of 10% Pd/C there was 
obtained, after hydrogenolysis at atmospheric pressure and temper
ature, 1.012 g (94%) of 3c as colorless cyrstals: mp 149-150 °C (ether); 
NMR (CDCI3) b 6.60 (m, 5 H. ArH), 5.57 (s, 1 H, OH), 3.87, 3.84, and
3.75 (all s, 9 H. OCH3); mass spectrum m/e 425 (M+).

Anal. Calcd for C21H220 5NF3: C. 59.29; H, 5.21; N, 3.29. Found: C, 
59.13; H, 5.26; N, 3.24.

VOF:) Oxidation of (L)-iV-Trifluoroacetylnorcodamine (3c).
Oxidation of 213 mg (0.5 mmol) of 3c gave 230 mg of a dark solid. 
Preparative TLC (CHCI3, four elutions) afforded the following two 
products: 5a and 4a.

5a (16.8 mg; 8%>: mp 179.5-181.5 °C (ether); UV \max (EtOH) (log 
() 236 (4.32), 284 (3.82); IR (CHC13) 1670 (C = 0); 1650 and 1620 cm" 1 
(C=C); NMR (CDCD b 6.85,6.63,6.42, and 6.36 (each s, 4 H, olefinic 
and aromatic protons), 3.91, 3.87. and 3.82 (each s, 9 H, OCH3); mass 
spectrum m/e 423 (M+), 297.

Anal. Calcd for C21H20NO5F3: C. 59.27: H. 4.76; N, 3.31. Found: C, 
59.29; H, 4.80; N, 3.33.

4a (159 mg; 70%): mp 196.5-197 °C (CHCL-methanol); UV Xma!i 
(EtOH) (log e) 222 (4.56), 282 (4.03), 306 (4.11); IR (CHCI3) 3540 (OH), 
1690 cm’ 1 (C =0); NMR (CDCI3) b 8.12 (s, 1 H, C-11H). 6.78 and 6.58 
(both s, 2 H, ArH). 6.23 (s, 1 H, OH), 3.93 (s, 6 H, OCH3), 3.91 (s, 3 H. 
OCH3), 3.49 (s, 3 H, CH3OH of crystallization); mass spectrum m/e 
423 (M+), 297.

Anal. Calcd for C2lH2„NOsF3.CH3OH: C. 58.01; H. 5.31; N, 3.07. 
Found: C, 57.80: H, 5.29; N, 3.10.

Conversion of (±)-JV-Trifluoroacetyiwilsonirine (4a) to
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Table I. Oxidation of Monophenolic Benzyl- and Phenethyltetrahydroisoquinolines with VOi\ in CH->C1?-TFA/TFAA
substrate registry no. temp, °C time, min products registry no. yield, %

3c 61659-86-7 -1 0 10 4a 61659-87-8 70
5a 61659-88-9 8

3f 61659-89-0 -1 0 10 4b 2755-00-2 80
3h 67393-30-0 -1 0 10 4c 60888-76-8 74.5
3i 61659-90-3 -1 0 10 7a 61659-92-5 40

8a 67393-31-1 18
-1 0 -3 0 “ 60 7a 77

3k 38726-24-0 -1 0 6 8b 51744-25-3 42
7e 31735-21-4 14

-1 0 -3 0 “ 60 7e 60
3n 61659-91-4 -1 0 10 7f 61659-98-1 46

9a 61659-94-7 4
-1 0 -3 0 “ 30 7f 54

3p 38726-41-9 -1 0 10 9b 36217-47-7 54
7g 31735-22-5 16

1 1 61659-97-0 -1 0 10 12 67393-32-2 98
16 40135-88-4 -1 0 10 18 67393-33-3 88

“ The reaction mixture was slowly allowed to attain room temperature (30 °C). However, the same results are obtained if the reaction
is run at -1 0  °C.

(±)-Thalicmidine (4b). A solution of 30 mg of 4a in 5 mL of 1 N 
methanolic sodium hydroxide was stirred at room temperature for 
6 h. The solution was evaporated to dryness and the residue sus
pended in water and extracted with ether. The ether solution was 
washed with brine, dried, and evaporated to give 25 mg of a colorless 
glass. The glass was dissolved in 1 mL of methanol and treated with 
0.1 mL of 37% formaldehyde solution and the mixture was stirred at 
room temperature for 3 h. The reaction was diluted with 10 mL of 
methanol, 20 mg of sodium borohydride was added, and the reaction 
was stirred for 0.5 h. The methanol was evaporated and the residue 
suspended in water and extracted with CH2C12. The CH2CI2 solution 
was washed with brine, dried, and evaporated to give 25 mg of a light 
brown gum. Preparative TLC (CHCl3-5% methanol) gave 19.2 mg 
(80%) of 4b as colorless crystals: mp 191-193 °C (methanol-ether). 
The melting point, mixture melting point, UV, IR, TLC, NMR and 
mass spectrum were identical with those of the product obtained by 
VOF3 oxidation of 3e.

Conversion of Morphinandienone 5a to (±)-0 -M eth ylflavi- 
nantine (5c). A solution of 10.0 mg of 5a in 1 mL of 1 N methanolic 
sodium hydroxide was stirred at room temperature for 3 h. The re
action mixture was evaporated and the residue suspended in water, 
and extracted with dichloromethane. The dichloromethane solution 
was washed with water, dried, and evaporated to give 8 mg of 5b as 
a colorless oil. The oil was taken up in 3 mL of methanol and treated 
with 3 drops of 37% formaldehyde solution. The reaction was stirred 
at room temperature for 15 min, treated with 20 mg of sodium bor
ohydride, and stirred for an additional 1 h. The reaction mixture was 
evaporated and the residue suspended in water and extracted with 
dichloromethane. The dichloromethane solution was washed with 
water, dried, and evaporated to leave 8 mg of an oil (6). The oil was 
taken up in 1 mL of chloroform and stirred with 8 mg of active man
ganese dioxide at room temperature for 16 h. The oxide was filtered 
and washed with chloroform. The filtrate and the washings were 
evaporated to leave 8 mg of a colorless oil. Preparative TLC 
(CHCl3- 5% methanol) afforded 5.2 mg (65% from 5a) of (± )-0 - 
methylflavinantine (5c) as colorless needles: mp 161-162 °C (meth
anol); NMR (CDCI3) 6 6.81,6.63,6.36, and 6.33 (each s, 4 H, aromatic 
and olefinic protons); 3.89,3.86, and 3.81 (each s, 9 H, OCH3), 2.47 (s, 
3 H, NCH3). The melting point, mixture melting point, IR, NMR, and 
mass spectrum were identical with those of authentic sample of 
(± ) -0 -methy lfla vinantine.25

Preparation of Borane Complex of (±)-Codamine, 3e (3f). A
solution of 190 mg (0.55 mmol) of (±)-codamine10 (3e) in 5 mL of 
chloroform was treated with 0.64 mL of a 1 M solution of diborane in 
THF (Aldrich) and the reaction was stirred at room temperature for 
15 min. The chloroform was evaporated and the residue was chro
matographed on a 2 mm preparative silica gel plate using 5% methanol 
in chloroform. The major band was collected to leave 150 mg of the 
borane complex as colorless amorphous solid (3f): mass spectrum m/e 
357 (M+), 341 (M+ -  BH3).

VOF3 Oxidation of 3f. Oxidation of 111 mg (0.31 mmol) of 3f gave 
120 mg of a light brown glass which was taken up in 15 mL of methanol 
and heated under reflux with 130 mg of anhydrous sodium carbonate 
for 2 h. The solution was filtered and evaporated to give a brown 
residue. Preparative TLC (CHCl3- 10% methanol) afforded 90 mg of

a light brown gum which was crystallized from methanol-ether to give
85.5 mg (80%) of (±)-thalicmidine (4b): mp 191-193 °C dec (lit.11 mp 
190-192 °C). T ie  melting point, mixture melting point, and NMR 
spectrum were identical with those of an authentic sample of (± )- 
thalicmidine.8

Preparation of a Borane Complex of 3g (3h). A solution of 2.0 
g (4.77 mmol) of 3g13 in 30 mL of anhydrous chloroform was treated 
with 12.5 mL of a 1 M solution of diborane in THF according to the 
procedure given for the preparation of 3f to give 2.05 g (99%) of 3h as 
colorless foam: IR (CHCI3) 2380 cm-1 (B-H); mass spectrum m/e 433 
(M+, very weakl, 419 (100).

VOF3 Oxidation of 3h. Oxidation of 130.0 mg (0.3 mmol) of 3h 
afforded, after removal of the blocking group with anhydrous sodium 
carbonate in refluxing methanol, 82.5 mg (74.5%) of (±)-10-benzyl- 
oxy-l-hydroxy-2,9-dimethoxyaporphine as the ether solvate (4c): mp
73-75 °C (lit.13 mp 74-76 °C).

(i)-Bracteoline (4d). A solution of 40 mg of 4c in 10 mL of 
methanol containing 20 mg of 10% Pd/C was hydrogenated at atmo
spheric pressure and temperature until uptake of hydrogen ceased. 
The catalyst was filtered and the filtrate evaporated to a yellow res
idue which was crystallized from ether-methanol yielding 24.0 mg 
(78%) of (±)-br&cteoline (4d): mp 207-210 °C dec (lit.13 mp 208-210 
°C dec).

l-(3,4-DimethoxyphenethyI)-7-hydroxy-6-methoxy-IV-tri- 
fluoroacetyl-l,2,3,4-tetrahydroisoquinolme (3i). From 3.575 g (6.4 
mmol) of l-(3,4-dimethoxyphenethyl)-7-benzyloxy-6-methoxy-/V- 
trifluoroacetyl-l,2,3,4-tetrahydroisoquinoline8 in 75 mL of ethanol 
containing 500 mg of 10% Pd/C there was obtained, after hydroge- 
nolysis at atmospheric pressure and temperature, 2.830 g (93%) of 3i 
as colorless crystals: mp 138.7-139.6 °C (ether); NMR (CDCI3) 5 6.75 
(s, 3 H, ArH), 6.66 and 6.57 (each s, 2 H, ArH), 5.54 (s, 1 H, OH), 3.86 
(s, 9 H, OCH3), 3.6-2.24 (m, 8 H, CH2); mass spectrum m/e 439 (M+), 
274 (100).

Anal. Calcd for C22H24NOsF3: C, 60.13; H, 5.51; N, 3.19. Found: C, 
60.26; H, 5.51; N, 3.22.

l-(3,4,5-Trimethoxyphenethyl)-7-benzyloxy-6-methoxy- 
1,2,3,4-tetrahydroisoquinoline (31). From 8.1 g (16.2 mmol) of 1- 
(3,4,5-trimethoxyphenethyl)-7-benzyloxy-6-methoxy-3,4-dihydro- 
isoquinoline19 by NaBHi reduction in methanol there was obtained 
7 4 g (91%) of 31 as the hydrochloride salt; mp 195.7-196 °C 
(CHaOH-ether); NMR (CDC13) « 10.37 (mound, 1 H, HC1), 9.73 
(mound, 1 H, NH), 7.40 (m, 5 H, PhCH20), 6.62 (s, 1 H, ArH), 6.55 
(s, 3 H, ArH), 5.08 (s, 2 H, OCH2), 3.86 (s, 3 H, OCH3), 3.82 (s, 9 H. 
OCH3), 3.68-2.5 (m, 8 H, CH2).

Anal. Calcd for C28H340 5NC1: C, 67.25; H, 6.85; N. 2.80. Found: C, 
67.13; H, 6.76; N, 2.89.

l-(3,4,5-Triirethoxyphenethyl)-7-benzyloxy-6-methoxy- 
iV-trifluoroacetyl-l,2,3,4-tetrahydroisoquinoline (3m). From 
2.315 g (5 mmol) of 31, 2.6 mL of TFAA, and 0.5 mL of pyridine in 40 
mL of CH2C12 there was obtained, after stirring at room temperature 
for 4 h and the usual workup, 2.9 g of a yellow oil which was crystal
lized from methanol yielding 2.69 g (96%) of 3: mp 127.3-128 °C; IR 
(CHCI3) 1685 cm- 1 (C = 0 ); NMR (CDC13) 5 7.37 (m, 5 H, PhCH20),
6.62, 6.57 (each s, 2 H, ArH), 6.38 (s, 2 H, ArH), 5.47 (t, 1 H, C-lH, J 
= 7.0 Hz), 5.09 (s, 2 H, 0CH2) ,3.86 (s,3 H, OCH3), 3.84 (s, 6 H, OCH3),
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3.82 (s, 3 H, OCH3), 3.8-2.05 (to, 8 H, CH2).
Anal. Calcd for C3oH320 6NH3: C, 64.39; H, 5.76; N, 2.50. Found: C, 

64.46; H, 5.78; N, 2.49.
l-(3,4,5-Trimethoxyphenethyl)-7-hydroxy-6-methoxy-IV- 

trifluoroacetyl-l,2,3,4-tetrahydroisoquinoline (3n). From 2.54 
g (4.57 mmol) of 3m in 75 mL of ethanol containing 500 mg of 10% 
Pd/C there was obtained, after hydrogenolysis at atmospheric pres
sure and temperature, 2.082 g (97%) of 3n: mp 145-146 °C (methanol); 
NMR (CDC13) 6 6.67,6.58 (both s, 2 H, ArH), 6.41 (s, 2 H, ArH), 5.57 
(s, 1 H, OH), 3.86 (s, 3 H, OCH3), 3.85 (s, 6 H, OCH3), 3.82 (s, 3 H, 
OCH3), 3.5-2.1 (m, 8 H, CH2).

Anal. Calcd for C23H26O6NF3: C, 58.84; H, 5.58; N, 2.98. Found: C, 
58.82; H, 5.60; N, 2.96.

VOF3 Oxidation of 3i. Oxidation of 110 mg (0.25 mmol) of 3i gave 
140 mg of a dark brown residue. Preparative TLC (CHCl3-4% 
methanol) afforded the following two products: 7a (44 mg; 40%); mp 
200-201 °C (transition at 110 °C). The melting point, mixture melting 
point, TLC, UV, NMR, and mass spectrum were identical with those 
of an authentic sample.8

8a (19 mg; 18%): mp 192.5-193.5 °C (ether); NMR (CDC13) b 6.92 
(dd, 1 H, Hb, J a b  = 2.5 Hz, J BX = 10 Hz), 6.60 (s, 1 H, ArH), 6.24 (d, 
1 H, Hx , J]3x = 10 Hz), 5.82 (d, 1 H, Ha, -Jba — 2.5 Hz), 5.64 (s, 1 H, 
OH), 3.85 (s, 3 H, aromatic OCH3), 3.67 (s, 3 H, olefinic OCH3), 3.5-1.7 
(m, 8 H, CH2); UV \max (EtOH) (log e) 290 (3.78), 243 (sh); IR (CHC13) 
1690 (C = 0 ), 1665, and 1635 (C=C), 3530 cm-1 (OH); mass spectrum 
m/e 423 (M+), 395, 380.

Anal. Calcd for C21H20NO5F3: C, 59.55; H, 4.76; N, 3.30. Found: C, 
59.62; H, 4.76; N, 3.38.

Rearrangement of Homoproaporphine 8a with Boron Tri
fluoride Etherate. A mixture of 30 mg of 8a, 5 mL of CH2Cl2, and 
3 drops of boron trifluoride etherate was stirred at room temperature 
for 2 h. After the solution had been diluted with CH2C12 to 25 mL, the 
solution was washed with water, dried, and evaporated to an oil which 
was crystallized from ether giving 26 mg (93%) of diphenolic homoa- 
porphine 7d: mp 167-168 °C; IR (CHCI3) 3540 (OH), 1690 cm-1 
(0 = 0 ); NMR (CDCI3) <5 7.04 (s, 1 H, C-12H), 6.84 (s, 1 H, C-3H), 6.61 
(s, 1 H, C-9H), 5.72 (s, 2 H, OH), 3.92, 3.87 (both s, 6 H, OCH3), 5.08 
(t, 1 H, CH, J = 7 Hz), 3.8-2.2 (m, 8 H, CH2); mass spectrum m/e 423 
(M+).

Anal. Calcd for C2,H20NO5F3: C, 59.57; H, 4.76; N, 3.31. Found: C, 
59.34; H, 4.84; N, 3.25.

Conversion of IV-Trifluoroacetylhomoaporphine (7d) to N -  
Methylhomoaporphine (7c). A 25-mg sample of 7d was treated with 
1 N methanolic sodium hydroxide and then subjected to reductive 
methylation according to the procedure described for the conversion 
of 4a to 4b, to give 11 mg of a yellow glass. Preparative TLC 
(CHCls-10% methanol) gives, after crystallization from methanol- 
ether, 5 mg of 7c: mp 238-240 °C dec (lit.21 mp 241-242 °C).

VOF3 Oxidation of Homocodamine (3k). Oxidation of 95 mg 
(0.266 mmol) of 3k15 gave 95 mg of a yellow glass. Preparative TLC 
(CHC13-10% methanol; two elutions) afforded the following two 
products: 7e and 8b.

7e (13 mg; 14%): mp 190-192 °C (CHoC^ether; lit.15 mp 195-196 
°C).

8b (38 mg; 42%); mp 200-201 °C (benzene-hexane; lit..26 mp 200-202 
°C). The melting point, mixture melting point, TLC, UV, IR, NMR, 
and mass spectrum were identical with those of an authentic sam
ple.8

VOF3 Oxidation of 3n. Oxidation of 235 mg (0.5 mmol) of 3n gave 
250 mg of a brown residue. Preparative TLC (CHCl3-4% metha’nol) 
afforded the following two products: 7f and 9a.

7f (107 mg; 46%); mp 161-162 °C (ether); UV Amax (EtOH) (log f) 
258 (4.11), 296 (3.72) nm; IR (CHC13) 3540 (OH), 1690 cm" 1 (C = 0 ): 
NMR (CDCI3) <5 6.65, 6.63 (both s, 2 H, ArH), 6.24 (s, 1 H, OH), 3.91 
(s, 9 H, OCH3), 3.72 (s, 3 H, OCH3), 3.6-2.3 (m, 8 H, CH2); mass 
spectrum m/e 467 (M+), 450, 436, 341.

9a (9.5 mg; 4%): mp 213-215 °C dec (ether); UV Amax (EtOH) (log 
«) 276 (4.09), 235 (sh); IR (CHC13) 3540 (OH), 1690 (C = 0 ), 1650 and 
1615 cm“ 1 (C=C); NMR (CDC13) b 6.60 (s, 1 H, ArH), 5.87 (d, 2 H, 
olefinic protons, J = 3.5 Hz), 5.62 (s, 1 H, OH), 3.85 (s, 3 H, aromatic 
OCH3), 3.68 and 3.60 (both s, 6 H, OCH3), 3.5-2.2 (m, 8 H, CH2); mass 
spectrum m/e 453 (M+), 436, 421.

Anal. Calcd for C22H220 6NF3: C, 58.28; H, 4.89; N, 3.09. Found: C, 
58.06; H, 4.98; N, 3.07.

Conversion of IV-Trifluoroacetylhomoaporphine (7f) to N -  
Methylhomoaporphine (7g). A 50-mg sample of 7f was treated with 
1 N methanolic sodium hydroxide and then subjected to reductive 
methylation according to the procedure described for the conversion 
of 4a to 4b to give 45 mg of a colorless glass which was crystallized from 
ether yielding 36 mg of (i)-kreysigine (7g): mp 186-187 °C (lit.20 mp
187-189 °C). The melting point, mixture melting point, TLC, UV,

IR, NMR, and mass spectrum were identical with those of (± )- 
kreysigine obtained by VOF3 oxidation of 3p.

VOF3 Oxidation of 3p. Oxidation of 96 mg (0.25 mmol) of 3p gave 
a yellow residue. Preparative TLC (CHCl3- 5% methanol) afforded 
the following two products: 7g and 9b.

7g (15 mg; 16%); mp 185-187 °C (ether: lit.20 mp 187-189 °C).
9b (50.5 mg; 54%); mp 174-176 °C (ether; lit.20 1 76-178 °C).
Rearrangement of 8b with Boron Trifluoride Etherate. A 

mixture of 20 mg of 8b, 5 mL of CH2C12, and 0.4 mL of boron trifluo
ride etherate was stirred at room temperature for 2 h. After the usual 
workup and crystallization from methanol-ether there was obtained 
14 mg (70%) of homoaporphine 7c: mp 240-241 °C dec (lit.21 mp 
241-242 °C).

Rearrangement of 9a with Boron Trifluoride Etherate. A
mixture of 50 mg of 9a, 5 mL of CH2C12, and 1 mL of boron trifluoride 
etherate was stirred at room temperature for 2 h. After the usual 
workup and crystallization from ether there was obtained 35.0 mg 
(87%) of homoaporphine 7h: mp 208-208.5 °C; UV Amax (EtOH) (log
e) 260 (3.95), 296 (3.77) nm: IR (CHC13) 3545 (OH), 1690 cm“ 1 (C = 0 ); 
NMR (CDCI3) 5 6.66 and 6.62 (both s, 2 H, ArH), 3.95,3.92, and 3.62 
(each s, 9 H, 0CH 3); mass spectrum m/e 453 (M+), 436, 327.

Anal. Calcd for C22H220 6NF3: C, 58.28; H, 4.89; N, 3.09. Found: C, 
58.27; H, 4.98; N, 3.12.

Rearrangement of 9b with Boron Trifluoride Etherate. A
mixture of 25 mg of 9b, 5 mL of CH2C12, and 0.5 mL of boron trifluo
ride etherate was stirred at room temperature for 15 h. The usual 
workup and preparative TLC (CHC13-12% methanol) afforded 20 mg 
(80%) of 7i: mp 189-191 °C (lit.20 190-192 °C dec).

1 -(3,4-Dimethoxv phene thy l)-()-hydroxy-7-methoxy-,\'-tri- 
fluoroacetyl-l,2,3,4-tetrahydroisoquinoline (11). From 500 mg 
(0.94 mmol) of l-(3,4-dimethoxyphenethyl)-6-benzyloxy-7-me- 
thoxy-N-trifluoroacetyl-l^jS^-tetrahydroisoquinoline8 in 40 mL of 
ethyl alcohol containing 100 mg of 10% Pd/C there was obtained, after 
hydrogenolysis at atmospheric pressure and temperature, 363 mg 
(87%) of 11 as colorless crystals: mp 109-111 °C (ether); NMR (CDCI3) 
b 6.76 (s, 3 H, ArH), 6.66, 6.50 (both s, 2 H, ArH), 5.56 (s, 1 H, OH),
3.87 (s, 3 H, OCH3), 3.85 (s, 6 H, OCH3).

Anal. Calcd for C22H24NOsF3: C, 60.13; H, 5.51: N, 3.19. Found: C, 
59.97; H, 5.40; N, 3.23.

VOF3 Oxidation of 11. Oxidation of 110 mg (0.25 mmol) of 11 gave 
120 mg of a colorless glass which after chromatography on silica gel 
(CHCI3) and crystallization from ether afforded 109 mg (98%) of 16 
as colorless crystals: mp 125 °C, solidifies and remelts at 160-162 °C. 
The melting point, mixture melting point, TLC, UV, and NMR were 
identical with those of an authentic sample.8

JV-(3,4-Methylenedioxybenzyl)-4-hydroxyphenethylamine 
(15). A solution of 1.5 g (10 mmol) of piperonal and 1.37 g (10 mmol) 
of tyramine in 130 mL of methanol was stirred for 2 h. Sodium bor- 
ohydride (2.5 g) was added portionwise over 45 min and the reaction 
mixture stirred for an additional hour. The methanol was evaporated 
and the residue suspended in water and extracted with dichloro- 
methane. The dichloromethane solution was washed with water, 
dried, and evaporated to a colorless glass which was converted into 
the hydrochloride salt and crystallized from methanol-ether yielding
2.65 g (89%) of the amine (15) as the hydrochloride salt: mp 215-217.2 
°C; NMR (CDCI3/CD3OD) <5 7.09-6.72 (m, 7 H, ArH), 6.01 (s, 2 H. 
0CH 20), 4.04 (s, 2 H, ArCHgNj.

Anal. Calcd for Ci6H18N 03C1: C, 62.44; H, 5.90; N, 4.53. Found: C. 
62.41; H, 5.95; N, 4.53.

JV-Trifluoroacetyl-iV-(3,4-methylenedioxybenzyl)-4-hy- 
droxyphenethylamine (16). The hydrochloride salt of 15 (2.553 g;
8.3 mmol) was converted into the free amine and treated with 5.5 mL 
of trifluoroacetic anhydride and 0.5 mL of pyridine according to the 
procedure described for the preparation of 3b to give 3.21 g of an or
ange-brown oil. The oil was chromatographed on silica gel eluting with 
chloroform to give a colorless oil which was crystallized from ether- 
hexane yielding 2.711 g of 16 as white crystals: mp 118.4-118.9 °C: 
NMR (CDCI3) b 7.04-6.55 (m, 7 H, ArH), 5.95 (d, 2H, 0CH 20, J =
1.5 Hz), 5.20 (s, 1 H, OH), 4.41 (d, 2 H, ArCH2N, J = 25.9 Hz), 3.37 
(m, 2 H, ArCH2CH2N), 2.78 (m, 2 H, ArCH2CH2N).

Anal. Calcd for C18H160 4NF3: C, 58.85; H, 4.39*; N, 3.81. Found: C. 
58.71; H, 4.45; N, 3.75.

VOF3 Oxidation of 16. Oxidation of 184 mg (0.5 mmol) of 16 gave
202.5 mg of an amorphous solid. Preparative TLC (ether-10% ace
tone) afforded, after crystallization from ether-hexane-methanol, 
160 mg (88%) of 18 as slightly yellow crystals: mp 179.5-181.2 °C 
(transition at 138.8 °C; lit.4a mp 138-142 °C; 181-182 °C); NMR 
(CDCI3) b 7.06-6.25 (eight peaks, 6 H, aromatic and olefinic protons),
5.94 (d, 2 H, OCH20, J = 2.0 Hz), 4.76 (s, 2 H, ArCH2N), 3.93 (m, 2 
H, ArCH2CH2), 2.40 (m, 2 H, NCH2CH2).
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1,4-Diketones from Skipped Acetylenes

Walter J. Gensler,* Jean-Claude Petitpierre, and John W. Dean

Department of Chemistry, Boston University, Boston, Massachusetts 02215 

Received March 2, 1978

Under various acidic hydrating conditions, 5,8-tridecadiyne gives rise to 5,8-tridecanedione, 2-propyl-3-butyI-2- 
cyclohexenone, 2-propyl-3-pentyl-2-cyclopentenone, 2,3-dibutyl-2-cyclopentenone, 2-pentanoyl-5-butylfuran, and 
acetylated 2-butyl-5-pentylfuran. 1,4-Nonadiyne yields 2,5-nonanedione and also can give 5-butylfurfural; 1.4,7- 
dodecatriyne yields 2,5,8-dodecanetrione. Reaction pathways are proposed that rely on neighboring group effects 
to direct the course of the several processes.

1,4-Dicarbonyl compounds1"6 are recognized as useful 
precursors for preparing five-membered het.erocycles as well 
as cyclopentenones. We wish to report a new general synthesis 
of this kind of carbonyl compound by the hydration of 1,4- (or 
skipped) acetylenes, which can be obtained readily by cou
pling acetylenic Grignard reagents with propargyl bromides. 
This paper describes the results with 5,8-tridecadiyne ( l )6 and
1,4-nonadiyne (8),7 which furnish, respectively, 5,8-trideca
nedione (2) and 2,4-nonanedione (9), as well as other products. 
Skipped triyne, 1,4,7-dodecatriyne (12),7 also has been in
vestigated, and shown to give 2,5,8-dodecanetrione (13).

Results
Hydration8 of 5,8-tridecadiyne (1) in aqueous acetic acid 

in the presence of mercuric acetate and sulfuric acid produced
5.8- tridecanedione (2) in 70% yield. Substitution of mercuric 
oxide for the mercuric acetate gave the same diketone, al
though now it was accompanied by small amounts of 2-pro- 
pyl-3-butyl-2-cyclohexenone (3). When a sulfonated resin 
loaded with mercuric ion9 was used as a solid catalyst, none 
of the diketone 2 was obtained; instead the product was a 
mixture of cyclopentenones 4 and 5 together with a little cy- 
clohexenone 3. The same cyclopentenones 4 and 5 free of cy- 
clohexenone were obtained more conveniently by cyclizing
5.8- tridecanedione (2) with base.10

Scheme I
0

BuC = C C H .C = C B u ----------------------------
H 2S 0 4 in  9 0 %  H O A c

0  O

BulTH CH.CCH. Bu
2

Stirred at room temperature in acetic acid-acetic anhydride 
containing trichloroacetic acid, mercuric oxide, and boron

0022-3263/78/1943-4081$01.00/0 © 1978 American Chemical Society
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trifluoride,11 diyne 1 cyclized to an acetylated furan, to which 
we have assigned the structure of ring acetyl-2-butyl-5- 
pentylfuran (6). Finally, with aqueous dioxane in the presence 
of perchloric acid and mercuric ion,12 an oxidative process 
occurred giving 2-pentanoyl-5-butylfuran (7) in 65% yield.

0  0

B u C =  CCH jC = C H  — *• BuCCH2CH,CCH,

8 9

/  H g O ,  H C 1 0 „
Q  0  /  d i o x a n e

BuCCH2CH.2CCH:i -f- B u / V  B u ( L \
9 ^ O ^ C H O  ^ T O O H

10 11

Trials with terminally unsaturated skipped acetylenes 
showed that these compounds also lead to 1,4-diketones. 
Thus, 1,4-nonadiyne (8) with the mercuric acetate catalyst 
gave 2,5-nonanedione (9)3 in 67% yield. Application of the 
mercuric oxide-perchloric acid conditions led to the same
2,5-nonadione (9) now accompanied by 5-butylfurfural (10). 
The nature of the aldehyde product was established by re
lating it to 5-butylfuroic acid (11), which was obtained from 
methyl furoate. The triply unsaturated compound, 1,4,7- 
dodecatriyne ( 1 2 ) ,  afforded 2,5,8-dodecanetrione ( 1 3 )  in good 
yield. On the reasonable assumption that no carbonyl group 
can develop past the dodecane 8 position, formulation 1 3  is 
fully consistent with the spectroscopic properties of the 
product.

B uC^CCH 2C ^C C H 2C=CH  —
12

BuCOCH2CH2COCH2CH2COCH3
1 3

Reaction Sequence. Hydration of skipped acetylene can 
lead, a priori, to more than one ketonic product. For example, 
diyne 1 could give the diketones 6,8-nonanedione, 5,8-nona- 
nedione (2), or 5,9-nonanedione. Significantly, none of the 1,3- 
or the 1,5-diketones were observed, the only diketonic product 
detected being the 1,4-diketone 2 .  Interpretations based on 
internally directed processes account for this selectively.

Thus starting with 5,8-tridecadiyne ( 5 ) ,  the yne-ones 14 and 
15 are taken to form in an unexceptional way. In the second 
stage of the hydration, possible intermediates would include 
the five-membered heterocycles 1 7  and 1 8  and (or) the six- 
membered heterocycle 1 6 .  Hydrolysis of 1 7  or 1 8  would give 
the observed 1,4-diketone 2 ,  whereas 1 6  would give the 1,5- 
diketone 1 9 .  The preferred formation of the 1,4-diketone can 
be understood if five-membered rings as in 1 7  and 1 8  form and 
react faster than the six-membered ring, as in 1 6 ,  and for that 
matter faster than a n y  cyclic or acyclic intermediate that 
could lead to the 1,5- (or the 1,3) diketone. Since no interme
diate yne-ones were detected at any stage in any of the reac
tions, the second part of the process starting from 1 4  and 1 5  

must be appreciably faster than the first. The enhanced rates 
may be attributed to anchimeric assistance. In its outlines, this 
argument is analogous to that advanced before4 to account for 
the preferred appearance of 1,4-diones in the hydration of
7,5-unsaturated acetylenic ketones related to 1 4 .

The terminally unsaturated skipped acetylenes 8 and 1 2  

also gave 1,4-spaced carbonyls. Since there is a recognized 
kinetic preference for hydration of terminal acetylenes over 
internal acetylenes,13 we may accept the initial formation of 
2-keto-4-nonyne and 2-keto-4,7-dodecatriyne from 1,4-non
adiyne (8) and 1,4,7-dodecatriyne ( 1 2 ) ,  respectively. Once

Scheme II

BuC = C C H ,C = C B u

1

I. H..O

0II
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L
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\

0
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0

BuCCHCH, CH,C Bu 
19

BuCCH,CH,CCH,Bu 
2

L =  electrophile catalyst

these intermediates are involved, the same kind of reasoning 
as before, involving neighboring group effects, predicts that 
only carbonyls spaced at intervals of four carbon atoms will 
emerge.

Turning to the cyclic products, and considering first the 
cyclopentenones 4  and 5 ,  we have no basis for not accepting 
formation, and then, under the same conditions, cyclization, 
of 5,8-tridecanedione (2). In the resin-catalyzed process, cy
clopentenones 4  and 5  are obtained with 5,8-tridecadiyne or 
with 5,8-tridecanedione as starting material. Also relevant is 
the observation that the mercuric ion-sulfuric acid procedure, 
which after a 5-h reflux period forms 5,8-tridecanedione from
5,8-tridecadiyne, after a 3-day reflux period gives the cyclo- 
pentenone mixture 4  plus 5 . 17

In contrast, similar experimental tests show that the 1,4- 
diketones 2 or 9 cannot serve as intermediates in the oxidative 
formation of acylfurans 7 and 10. Under conditions that give 
furans 7 and 10, replacing the diyne starting materials 1 and 
8 with diketones 2 and 9 leaves the diketones unchanged. The 
possibility that 2-butyl-5-pentylfuran and 2-butyl-5-meth- 
ylfuran are intermediates may also be rejected. If this kind of 
molecule were oxidized, it is likely that the 2-pentanoyl-5- 
butylfuran (7), for example, would emerge as a 50:50 mixture 
with 2-butanoyl-5-pentylfuran. Yet no sign of twin peaks 
appeared in any of our routine gas-liquid chromatographic 
analyses. In one run, analysis with a high-efficiency 
(75 000-150 000 plate) capillary gas-liquid chromatographic 
column still showed only a single, sharp, symmetrical peak. 
Finally, the mass fragmentation pattern, in being consistent 
with 2-pentanoyl-5-butylfuran (7) but not with 2-butanoyl-
5-pentylfuran, confirmed both the homogeneity and the as
signed structure.

Rationalization of this oxidation process makes use of in
termediate 17 as the starting point. In the pathway leading 
to diketone 2, the mercury group in 17 leaves as mercuric ion 
and is replaced with hydrogen; in the oxidative process, 
however, mercury leaves with its pair of electrons as metallic 
mercury,15 and is replaced with hydroxyl (as in 20). A second
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c h 2—c h 2
/  \

Bu— C ^ ^ ,C = C B u

Hg~
17

-  ( H g  a n d  H +)  
+  H O H

CH— CH,
// \

Bu— C. C = C — Bu
X X  I 

OH
20

7
mercuration again followed by loss of mercury gives rise to the 
observed product 7. Although other sequences can be written, 
this one is short, direct, and reasonable. Why oxidation occurs 
here but not in the other mercury-catalyzed hydrations may 
be related to the relatively large amounts of mercuric ion as 
well as to the enhanced solvolytic properties of 25% aqueous 
dioxane over the other solvents. A similar mechanism can be 
formulated for formation of 5-butylfurfural (10) from 1,4- 
nonadiyne (8).

To reach cyclohexenone 3, we assume as intermediate the
1,5-dicarbonyl compound 19 which undergoes acid catalyzed 
aldol cyclization to give 3.16’17 The fact that the cyclohexenone 
3 was invariably obtained in poor yield as a minor product 
agrees with the postulated slow rate of formation of inter
mediate 16.

The boron trifluoride process converting 5,8-tridecadiyne
(1) to acetylated furan 6 is run under anhydrous conditions. 
Here, a straightforward reaction pathway calls for cyclization 
to 2-butyl-5-pentylfuran, which then undergoes ring acety
lation.18 Whether 5,8-tridecanedione (2) would give the 
acetylated furan 6 under the conditions used was not inves
tigated.

Summary. Skippd diynes and triynes have been shown to 
be useful and convenient precursors in the preparation of 
polyketones and various hetero- and homocyclic derivatives. 
Under appropriate conditions, the following compounds were 
prepared in practical though still not optimized yield: from
5,8-tridecadiyne (1), 5,8-tridecanedione (2, 71%), 2,3-dialk- 
ylcyclopentenones (4 and 5, 62%), acetylated 2-butyl-5- 
pentylfuran (6, 55%), and 2-pentanoyl-5-butylfuran (7, 65%); 
from 1,4-nonadiyne (8), 2,5-nonanedione (9,67%); and from
1,4,7-dodecatriyne (12), 2,5,8-dodecanetrione (13, 63%). Other 
compounds were also obtained in lower yield. Reaction se
quences accounting for these products have been proposed.

Experimental Section
General. Analyses for elements’ content were obtained from Gal

braith Laboratories, Inc., Knoxville, Tenn., Scandinavian Mi- 
croanalytical laboratory, Herlev, Denmark, and Carol K. Fitz, Carlisle, 
Mass. Temperatures are uncorrected. Melting points were taken in 
open capillary tubes.

5,8-Tridecanedione (2) from 5,8-Tridecadiyne (1). After al- 
lene-free 5,8-tridecadiyne (1) (4.4 g or 25 mmol) was added to mercuric 
acetate (0.6 g, 2 mmol) in 30 mL of 90% acetic acid-10% water plus 0.25 
mL (4 mmol) of concentrated sulfuric acid, the solution under nitro
gen was stirred and refluxed for 5 h.19 Turbidity developed gradually, 
and occasionally mercury was deposited. Sodium hydroxide (18 g) in 
water (100 mL) was added (cooling), and product was extracted with

several portions of carbon tetrachloride. The combined extracts, after 
rinsing with water, were dried and stripped of volatiles. Two crys
tallizations of the residue (5.0 g) from aqueous ethanol furnished 3.7 
g (71%) of white crystalline plates of 5,8-tridecanedione (2): mp
40.5- 41.5 °C; bp 123-125 °C (0.4 mm); IR (CCI4 or isooctane) 1715 
cm-1; UV (6 X 10~3 M) in methanol, Amax 274 nm (log 1 1.72) and in 
cyclohexane, 268.5 nm (1.72);20 NMR (CC14) 5 2.55 (s, 6,7-di-CH2),
2.38 (t, J  = 6.5 Hz, 4,9-di-CH2), 1.35 (m, five CH2’s), and 0.90 (t, J =
5.5 Hz, 2 CH3). The integration ratio above and below & 2 was 8:16 as 
required.

Anal. Calcd for C13H2402: C, 73.54; H, 11.39. Found: C, 73.7; H,
11.4.

When a reaction mixture consisting of 5,8-tridecadiyne (8.1 mmol), 
95% alcohol (15 mL), water (4 mL), mercuric sulfate (0.6 g), and 
concentrated sulfuric acid (0.05 mL)21 was refluxed for 24 h, the major 
product was again 5,8-tridecanedione (55%); trace amounts of cy
clohexenone 3 and furan 7 were also formed under these condi
tions.

To confirm the assigned structure of 5,8-tridecadione (2) it was 
converted to a pyrrole derivative by heating with p-bromaniline in 
the presence of a trace of hydrochloric acid. l-(p-Bromophenyl)-2- 
butyl-5-pentylpyrrole, bp 130-145 °C (0.05 mm), was obtained in 68% 
yield.

Anal. Calcd for Ci9H26BrN: C, 65.51; H, 7.52; Br, 22.94; N, 4.02. 
Found: C, 65.67; H, 7.50; Br, 22.65; N, 4.03.

The IR and NMR absorption spectra for this pyrrole were entirely 
consistent with the spectra determined for l-(p-bromophenyl)-
2.5- dimethylpyrrole, mp 73-73.5 °C (lit.22 74 °C), prepared for com
parison.

The bis(2,4-dinitrophenylhydrazone) from 5,8-tridecanedione 
crystallized from aqueous dioxane as an orange solid, mp 185-186 
°C.

Anal. Calcd for C^H^NsOg: N, 19.6. Found: N, 19.3.
2-Propyl-3-butyl-2-cyclohexenone (3) from 5,8-Tridecadiyne

(1). Diyne 1 (1.3 g, 7.6 mmol) in 13 mL of 90% acetic acid and 0.13 mL 
of concentrated sulfuric acid containing 0.2 g (0.9 mmol) of yellow 
mercuric oxide was refluxed in an atmosphere of nitrogen for 4 h. 
Ether extraction, etc., furnished 1.5 g of a brown, solvent-free product, 
containing 15% of 2-propyl-3-butyl-2-cyclohexenone (3) and 70% of
5,8-tridecanedione (2). Distillation through a spinning band column 
led to fractions richer in the cyclohexenone but still not free of dike
tone. Preparative gas-liquid chromatography (Chromosorb at 178 °C) 
afforded the desired cyclohexenone 3 (6%) as the faster moving 
fraction.

Homogeneous 2-propyl-3-butyl-2-cyclohexenone (3) was obtained 
as a faintly yellow oil: IR (CCI4) 1710,1660,1620 cm-1; UV (4.5 X 10-5 
M in methanol) Amax 247 nm (log e 3.95) or (5.5 X 10-5 M in cyclo
hexane) 238 (4.08); NMR (CCI4) ¿> 2.15 (m, 10, ring CH2’s plus CH2’s 
attached to positions 2 and 3), 1.40 (m, 6, other CHCs), 0.95 (m, 5, 
CH3’s).

Anal. Calcd for Ci3H220: C, 80.35; H, 11.41 Found: C, 80.12; H,
11.37.

Various other appropriate spectroscopic data are available in the 
literature for comparison.4’17-23

In a similar mixture, where 5,8-tridecanedione (2) was taken as 
reactant in place of 5,8-tridecadiyne (1), after a 10-h reflux period, 
no cyclic ketone was present; unchanged dione was the only material 
isolated (92% crude; 68% pure).

2-Propyl-3-pentyl-2-cyclopentenone (5) and 2,3-Dibutyl-2- 
cyclopentenone (4) A. From 5,8-Tridecanedione (2). A mixture 
of 5,8-tridecanedione (0.28 g or 1.3 mmol), 7 mL of methanol, 7 mL 
of water, and sodium hydroxide (1.4 g) was refluxed under nitrogen 
for 5 h. Standard processing afforded an oil (0.23 g), which according 
to gas-liquid chromatography consisted of a single material different 
from cyclohexenone 3. Distillation gave 0.17 g (64%) of the desired 
mixture of 2-propyl-3-pentyl- and 2,3-dibutyl-2-cyclopentenone (5 
and 4): bp 110-120 °C (0.62 mm); IR (CC14) 1705, 1645 cm“ 1; UV 
(ethanol, 6.4 X 10-5 M) Amax 237 nm (log f 4.19); NMR (CC14) 0 2.2 (m, 
8, ring CH2’s plus CH2’s attached to ring), 1.4 (m, all other CH2's), 0.9 
(m, CH3 groups). The last two signals corresponded to 14 protons. 
Ultraviolet, IR, and NMR data for many similarly constituted cy- 
clopentenones are available and are consistent with our values.24

Anal. Calcd for Ci3H220: C, 80.35; H, 11.41. Found: C, 80.56; H,
11.38.

The action of dione 2 with 1% sodium ethoxide in absolute alcohol 
for 15 min led to complete recovery of unchanged dione.

B. From 5,8-Tridecadiyne (1). A solid catalyst was prepared from 
10 g of a finely ground commercial sulfonated polystyrene resin 
(Dowex 50X-4) by first treating the powder with 2 N sulfuric acid and 
then stirring it overnight in a solution of 0.1 g of mercuric oxide in 200 
mL of 2 N sulfuric acid. The resin was washed repeatedly with water
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and then stored in vacuo over calcium sulfate for 1 day.
A refluxing mixture of 5,8-tridecadiyne (1,0.96 g, 5.4 mmol) in 10 

mL of glacial acetic acid and 1 mL of water containing 2 g of the pre
pared resin was stirred for 3 days under nitrogen. Addition of water, 
extraction with ether, and the appropriate aqueous rinses afforded
1.11 g of a yellow solvent-free oil, which by gas-liquid chromatographic 
analysis contained 0.66 g (62%) of 2-propyl-3-pentyl-2-cyclopentenone 
(5) plus 2,3-dibutyl-2-cyclopentenone (4) as well as 0.21 g (20%) of 
2-propyl-3-butyl-2-cyclohexenone (3).

The same products were obtained in about the same amounts when 
the reactant mixture (tridecadiyne 1 with Hg2+, aqueous acetic acid, 
and H2SO4) used to prepare 5,8-tridecanedione (2) from tridecadiyne 
1 was refluxed for 3 days instead of 5 h.

In the resin-catalyzed reaction, when 5,8-tridecanedione (2) was 
taken as starting material in place of 5,8-tridecadiyne (1), no cyclo- 
hexenone 3 was formed and no dione was recovered. The single 
product was the cyclopentenone mixture 4 and 5.

2-Pentanoyl-5-butylfuran (7) from 5,8-Tridecadiyne (1). The 
reaction mixture contained diyne 1 (2.0 g, 0.011 mol) in a solution of 
yellow mercuric oxide (12 g; 0.055 mol) in 32 g of 70% perchloric acid 
plus 15 mL of water and enough dioxane to bring the final volume to 
80 mL. After the mixture was stirred under nitrogen at room tem
perature for 45 min, 80 mL of water was added, and ether was used 
to extract product. Some metallic mercury was noted. The ether so
lution was washed with water, dried, and then warmed to remove all 
volatiles. Distillation of the residual oil gave 1.5 g (65%) of very faintly 
yellow 2-pentanoyl-5-butylfuran (7), bp 82-96 °C (0.04 mm), which 
according to gas-liquid chromatography was 99% pure. The product 
showed the following spectral properties: IR (neat) 1675,1585,1520 
cm-1; UV (2 X 10-5 M in methanol) Amax 286 nm (log e 4.2), 221 (3.48); 
NMR (CC14) b 6.99 (d, J = 3.5 Hz, 1, furan H), 6.11 (d, J  = 3.5 Hz, 1, 
furan H), 2.71 (t, J = 6.5 Hz, 4, furyl CH2 plus CCH2), 1.5 (m, re
maining CH2), 0.94 (distorted t, J -  6 Hz, methyl groups). Combined 
integration of the b l.o and 0.94 signals showed 14 protons as required. 
In the mass spectrum, the molecular peak was observed at m/e 208; 
the base peak at 166 was assigned to the McLafferty cleavage frag
ment, C,0Hi4O2+-; intense peaks at 151 and 123 were attributed re
spectively to the 2-furoyl-5-butyl and the 5-butylfuryl ion radi
cals.26

Anal. Calcd for C 3H20O2: C, 74.94; H, 9.68. Found: C, 74.76; H,
9.91.

When 5,8-tridecanedione (2) was used in this reaction instead of
5,8-tridecadiyne (1), the only product was unchanged dione (82%), 
mp 38.5-40 °C; no infrared absorption peak appeared at 1675 
c m '1.

3(or 4)-Acetyl-2-butyl-5-pentylfuran (6) from 5,8-Trideca- 
diyne (1). 5,8-Tridecadiyne (1.0 g, 5.8 mmol) was added to a solution 
of yellow mercuric oxide (0.50 g, 2.3 mmol) in trichloracetic acid (0.1 
g, 0.6 mmol), acetic anhydride (10 mL), acetic acid (40 mL), and 
freshly distilled boron trifluoride etherate (1 mL), and the reaction 
mixture was stirred under nitrogen for 24 h. The mixture was pro
cessed by adding water (ice cooling), extracting with ether, and ap
propriately washing,'etc., to get 1.3 g of a yellow, viscous liquid. 
Quantitative gas-liquid chromatography (hexadecyl bromide internal 
standard) showed that this liquid contained a major component, the 
acetylated butylpentylfuran (6,0.76 g, 55%), as well as a minor com
ponent recognized as 2-propyl-3-butyl-2-cyclohexenone (3,0.14 g or 
10%).

Preparative gas-liquid chromatography (Chromosorb with neo
pentyl glycol succinate at 186 °C) afforded homogeneous 3(or 4)- 
acetyl-2-butyl-5-pentylfuran (6): IR (CCI4) 1675, 1600, 1560, 1510 
cm-1; UV (6 X 10-5 in methanol) Amax 280 nm (log e 3.74) and in cy
clohexane solvent at 5.5 X 10-5 M, 273 (3.76); NMR (CCI4) b 6.10 (s, 
1, furan H), 2.90 (t, J = 7 Hz, 2, CH2 furan next to acetyl), 2.55 (t, J 
= 7 Hz, 2, CH2 furan opposite to acetyl), 2.25 (s, 3, CH3CO), 1.43 (m, 
other CH2’s), 0.88 (distorted t, J = 6 Hz, alkyl CH3’s). Integration of 
the two high-field signals together showed 16 protons. The spectral 
properties (IR, UV, and NMR) of 3-acetyl-2,5-dimethylfuran, pre
pared for comparison according to Hurd and Wilkinson,26 were in 
good agreement with those of 6. The semicarbazone of 3(or 4)-ace- 
tyl-2-butyl-5-pentylfuran (6) melted at 97-99 °C.

Anal. Calcd for CisH27N30 2: C, 65.50; H, 9.28; N, 14.32. Found: C, 
65.23; H, 9.26; N, 14.06.

2,5-Nonanedione (9) from 1,4-Nonadiyne (8). A mixture of 10.0 
g (83 mmol) of 1,4-nonadiyne, mercuric acetate (1.0 g, 3.1 mmol), and 
concentrated sulfuric acid (0.5 mL) in 100 mL of 90% acetate acid was 
refluxed for 2 h. The dark reaction mixture containing some mercury 
was poured into cold water (200 mL) and extracted with ether. The 
ether extracts were washed with bicarbonate and with water, dried, 
and distilled to give faintly yellow 2,5-nonanedione (9.2 g, 67%); bp 
76-78 °C (0.2 mm); n25D 1.4327; IR (CC14 or isooctane) 1725 cm"1; UV

(10-3 M in methanol) Amax 274 nm (log e 2.47); NMR (neat) b 2.63 (s,
3,4-di-CH2), 2.42 (t, J = 6.5 Hz, 2, CH2 at 6), 2.07 (s, 3, CH3CO), 1.4 
(s, 7,8-di-CH2), 0.88 (distorted t, J = 6 Hz, CH3 at 9). Integration of 
the last two signals showed a total of 7 protons. No signals appeared 
at b 9.2-10.3 even in the crude product.

Anal. Calcd for C9H160 2: C, 69.19; H, 10.31. Found: C, 69.4; H,
10.3.

The product before (85% yield) and after distillation gave the same 
gas-liquid chromatograms.

The bis(2,4-dinitrophenylhydrazone) of 2,5-nonanedione (9), after 
crystallization from ethyl alcohol-ethyl acetate (7:4), showed mp 
180 5—181 5 °C

Anal. Calcd for C2iH24N80 8: C, 48.83; H, 4.68; N, 21.70. Found: C, 
48.9; H, 4.7; N, 21.5.

Hydration of 1,4-nonadiyne (8) with mercuric sulfate (0.82 g) in 87% 
fornic acid (8.2 mL) for 20 min at 0 °C afforded appreciable 2,5-dione 
as well as unchanged diyne (40%).

5-Butylfurfural (10). Hydration of 1,4-nonadiyne (8) with mer
curic oxide (18.4 g, 0.085 mol) dissolved in 70% perchloric acid (24.6 
g, 0.17 mol, or 55 g, 0.38 mol) containing water (20.4 mL) and enough 
dioxane to bring the total volume to 120 mL was effected by stirring 
the mixture under nitrogen at room temperature for 45 min. 2,5- 
Nonanedione (9) as well as a new product, taken as 5-butylfurfural 
(10), were obtained, both in low yield. An NMR absorption curve for 
the mixture included signals at b 9.50 (CHO) as well as two doublets 
at 5 6.99 and 6.11 (aromatic furan H’s), which integrated to a proton 
ratio of 1:1:1. When 2,5-nonanedione was used as starting material 
here instead of 1,4-nonadiyne, no furfural product was detected; the 
homogeneous dione was recovered to an extent of 94%.

5-Butylfuroic Acid (11). A. From the 5-Butylfurfuraldehyde 
Hydration Product. The crude mixture containing the two products 
from the mercuric oxide-perchloric acid reaction was suspended in 
a mixture of silver nitrate (6.7 g), sodium hydroxide (3.2 g), and water 
(70 mL) and was stirred at reflux temperature for 40 min. After neu
tralization with 2 N hydrochloric acid, the mixture was filtered and 
both the solids and the filtrate were extracted with ether. Acidic 
material was brought into concentrated bicarbonate solution and was 
recovered by adjusting the pH to 2, saturating the mixture with so
dium chloride, and extracting with ether. 5-Butylfuroic acid (11), mp
66.5-69 °C, was obtained from the extracted solids after several 
low-temperature crystallizations from aqueous ethanol. Mixed with 
authentic 5-butylfuroic acid (mp 69-70 °C), this product showed mp
67-69.5 °C. Both materials gave single peaks on gas-liquid chroma
tography appearing at the same retention time.

B. From Methyl Furoate.27 Stannic chloride (78 g, 0.30 mol) was 
dropped into a nitrogen-blanketed, ice-cold mixture of methyl furoate 
(13 g, 0.10 mol) and butyric anhydride (16 g, 0.10 mol) over a period 
of 1 h. The mixture was stirred for 3 days at room temperature and 
then for 1 day at 45-50 °C. Addition of ice-cold water (300 mL), fol
lowed by standard proceedings, afforded 4.3 g of methyl 5-buta- 
noylfuroate, mp 66-67 °C, after two crystallizations from 95% alcohol 
(lit.27 mp 67-68 °C).

Saponification led to the corresponding acid, 5-butanoylfuroic acid, 
mp 179. 5-180.5 °C (lit.28 176 °C), which was reduced as follows to 
remove the carbonyl oxygen. Hydrazine hydrate (0.6 mL, 12 mmol) 
was added dropwise to 5-butanoylfuroic acid (0.60 g, 3.3 mmol) in 10 
mL of absolute alcohol. After a 15-min reflux, the mixture was cooled, 
treated with potassium ferf-butoxide (3.0 g, 27 mmol) in 20 mL of 
absolute alcohol, and then over a period of 1.5 h gradually warmed 
to 200 °C, during which time solvent was escaping. The reaction 
mixture was then held at 200 °C for 25 min. The cooled alkaline sys
tem was diluted with 10 mL of cold water, acidified to pH 3 with hy
drochloric acid, saturated with sodium chloride and the acid mixture 
extracted with ether. Recrystallization of the crude product from 
aqueous alcohol gave 0.38 g (68%) of 5-butylfuroic acid: mp 69-70 °C; 
IR (mineral oil mull) 3550, 3000, 1695 cm-1; UV (10-4 M in 95% 
EtOH) \max 257 nm (log t 4.03); NMR (CC14) 6 11.55 (broad s, 1, 
COOH), 7.10 (d, J = 3.5 Hz, 1, 2-furyl-H), 6.05 (d, J = 3.5 Hz, 1, 3- 
furyl-H), 2.65 (t, J = 7.2 Hz, CH2 attached to furan), 1.5 (m), and 0.90 
(t, 7, all other protons).

Anal. Calcd for C9H120 3: C, 64.27; H, 7.19. Found: C, 64.09; H,
7.11.

2,5,8-Dodecanetrione (13) from 1,4,7-Dodecatriyne (12). A
mixture of 1,4,7-dodecatriyne (2.4 g, 15 mmol) and mercuric acetate 
(0.7 g, 2 mmol) in 25 mL of 90% acetic acid containing 0.25 mL of 
concentrated sulfuric acid was stirred and refluxed under nitrogen 
for 2.5 h. The cooled mixture was made basic with aqueous sodium 
hydroxide before extraction with carbon tetrachloride. The extract 
was rinsed, dried, and distilled to give 2.0 g (63%) of faintly yellow 
trione 13, bp 106.5—108 °C (0.57 mm), which solidified in the receiver. 
After charcoal decolorization (ether solution), the product was re
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crystallized from aqueous ethanol. The white, crystalline, 2,5,8- 
dodecanetrione (13, 38%) had mp 57.5-58 °C: IR (CC14) 1715 c m '1; 
UV (10- 2 M in methanol) Amax 217 nm (log c 1.91); NMR (CC14) 6 2.61 
(s, 8, CH2’s at positions 3,4 ,6,7), 2.35 (t, J = 6.5 Hz, 2, CH2 at position
9), 2.11 (s, 3, COCH3), 1.55 and 0.90 (7, remaining H’s).

Anal. Calcd for C12H2o0 3: C, 67.89; H, 9.50. Found: C, 68.00; H,
9.43.

No infrared absorption maximum appeared at 1625 cm-1 (0 ,7- 
dione), and no NMR signal appeared in the & 10 region (aldehyde 
H).
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Potassium- or sodium-catalyzed reaction of acrylic acid esters (1) having appropriate alcoholic groups (R = C4-  
C12 alkyl or cycloalkyl) produces three low molecular weight compounds, i.e., a 3-alkoxypropionate (2), an open- 
chain dimer, 2-methyleneglutarate (3), and a cyclic trimer, 1,3,5-cyclohexanetricarboxylate (4). 2 is favored (yields 
up to 66%) only at low temperature (20-70 °C) and low catalyst/I molar ratios (rmoi = 0.12-0.23), whereas dimer 
3 is predominant (yields up to 79%) at higher temperatures (100-216 °C) and/or higher rmoi levels (0.36-0.40). Tri
mer 4 is formed only at rmoi = 0.7-1.0. Dimerization selectivity, i.e., the dimer 3/polymer ratio, increases markedly 
with increase in the size of the R group in the acrylate. The catalytic activity of potassium-benzylpotassium is 
about 2.4 times higher than that of sodium-benzylsodium, but the latter is more selective since it does not catalyze 
formation of 2. It is proposed that formation of dimer 3 is initiated by metalation of the acrylate at the a-vinylic po
sition, while formation of trimer 4 proceeds through a cyclic carbanion precursor, stabilized by charge delocaliza
tion. Alkoxy ester 2 is derived by concerted elimination-transfer of an alkoxy anion from the metalated 1 to a sec
ond acrylate molecule.

High molecular weight polymerization of acrylates in the 
presence of base catalysts or initiators, e.g., organolithium and 
organomagnesium compounds, is usually accompanied by 
limited formation (<10% by weight) of lower products.2-4 For 
instance, small amounts of a cyclic d-keto ester, i.e., 5-(9-flu- 
orenyl)-4-oxocyclohexane 1,3-dicarboxylate, were found in 
the product of 9-fluorenyllithium-initiated polymerization 
of acrylates.5

The patent literature cites the anionic polymerization of 
acrylates in aliphatic or aromatic solvents, using dispersed 
sodium or potassium metals in admixture with an alkali or 
alkaline-earth salt as catalysts.6 This process yields products 
with molecular weights in the range of 90 000 to 1 000 000, 
depending on the monomer/catalyst molar ratio. Oligomeri
zation of acrylates leading to dimers and/or trimers as main 
products has not been previously reported. It was recently 
found, on the other hand, that by applying promoted alkali 
metal catalysts under appropriate conditions it is possible to 
attain selective di- and/or trimerization of a,/3-unsaturated 
esters and nitriles possessing a d-methyl substituent. For in
stance, in the presence of a potassium-benzylpotassium cat
alyst, ethyl crotonate is dimerized to diethyl 2-ethylidene-
3-methylglutarate with 90% selectivity,7 while 2-butenonitrile 
yields 20-23% of 2-ethylidene-3-methylglutaronitrile and
67-75% of a cyclic trimer, i.e., l,3,5-tricyano-2,4,6-trimeth- 
ylcyclohexane.1

The purpose of the present study was to explore catalyst 
systems and experimental conditions which could lead to ol
igomerization of acrylates with suppression of high molecular 
weight polymerization. Several series of comparative experi
ments were performed in order to determine the change in 
product composition as a function of monomer structure (type 
of alcoholic R group), concentration and type of base catalyst, 
and reaction temperature. The experimental procedure was 
similar to that used previously.1’7 Products were identified and 
quantitatively analyzed by a combination of gas chromatog
raphy, NMR, and mass-spectral methods (see Experimental 
Section).

It is found that by using promoted alkali metal catalysts,
e.g., potassium-benzylpotassium, and acrylate monomers 
having alcoholic R groups of appropriate size, e.g., 2-ethyl- 
1-hexyl acrylate (1), the formation of high molecular weight 
polymers is greatly suppressed, and three low molecular

ROCH.CH.C
o  0 <

""OR RCK

CH,

CCCHoCH.C;
*0

OR

4
weight compounds are obtained as main products, i.e., a 3- 
alkoxypropionate (2), an open-chain dimer, 2-methylene
glutarate (3), and a cyclic trimer, the triester of 1,3,5-cyclo- 
hexanetricarboxylic acid (4).

Results and Discussion
Effect of Catalyst Concentration. Using 2-ethyl-l-hexyl 

acrylate (1) as starting monomer, ethylcyclohexane as solvent, 
and potassium-benzylpotassium as catalyst, a series of ex
periments were performed in which the catalyst/monomer 
molar ratio (rmoi) was changed from 0.12 to 1.00 (gram-atom 
of K/moles of monomer).

Results obtained are summarized in Table I. As seen, the 
product distribution obtained is very sensitive to the change 
in the concentration of the catalyst. In experiments with low 
catalyst/1 ratios (rmo 1 = 0.12-0.32) the alkoxy ester 2 is formed 
as the principal nonpolymeric product, while at higher ratios 
Rmoi = 0.36-0.44) the predominant reaction is formation of 
dimer 3. At the highest ratios employed (rmo] = 0.71-1.00) 
compounds 2 and 3 are absent from the product, while sig
nificant amounts of the cyclic trimer 4 are produced. The main 
products under these conditions are 2-ethyl-1-hexanol (5) and 
high molecular weight polymeric compounds. It is also noted 
that the overall conversion of monomer 1 increases with in
crease in rmol from 0.12 to 0.32, but then remains essentially 
constant at rmoi = 0.36-1.00.

The formation of 3-alkoxypropionate (2) can be interpreted 
as occurring through elimination of an alkoxy anion (RO~) 
from the metalated monomer la, and transfer of this anion 
to a second monomer molecule in a subsequent step, or more 
likely by a concerted mechanism. Removal of the alkoxy group 
should produce an equimolar amount of l-oxo-l,2-propadiene 
(methylene ketene) (lb), which could be expected to undergo 
fast polymerization.

A closely similar type of elimination, leading to formation 
of a ketene, has been recently reported to result from tri-

rvrvor» /no /m in
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Table I. Composition of Products from K/C6H5CH2K Catalyzed Reaction of 2-Ethyl-l-hexyl Acrylate ( 1 ) as a Function 
_______________ ________________________ of Catalyst Concentration“ '6

expt no. 1 2 3 4 5 6 7 8
catalyst/1 0.12 0.23 0.32 0.36 0.40 0.44 0.71 1.0

molar ratio (rmoi) 
conversion of 1, 

mol %
product distribution,“

30.4 60.5 71.1 80.4 80.4 80.1 80.2 80.5

%by wt 
2 65.2 59.6 50.4 25.4 20.1 9.6 trace
3 15.0 20.7 33.0 57.0 63.5 42.1 0.5
4 trace 16.1 19.4

other products d 5.6 6.4 24.1 43.4 45.0
polymer“
mol % 1 converted to:

19.8 19.7 16.6 12.0 10.0 20.2 30.0 34.6

3-alkoxy ester (2) 37.2 33.7 28.9 14.3 11.7 5.8
dimer (3) 17.1 23.4 35.6 54.9 62.9 43.3 0.6
trimer (4) trace 17.9 19.5
(CH2= C = C O ) / 37.3 33.7 28.4 23.8 20.6 42.7 68.2 64.4
“polymer” * 8.4 9.2 7.6 7.0 4.8 8.2 13.3 16.0

“ In each experiment were used 0.05 mol of 1,0.5 mol of solvent, and the calculated amount of K/C6H5CH2K catalyst. 6 Reaction 
temperature, 132 °C; total reaction time, 120 min. c R = 2-ethyl-l-hexyl. d Consisting mostly (>95%) of 2-ethyl-l-hexanol (5). e High 
boiling components, f In the form of high boiling products (number of moles of methylene ketene calculated as equal to the number 
of moles of 2 plus 5; see text). B Products of direct polymerization of 1 (calculated by difference).

CH; =c - h :
K+

CH2=CH CO,R

la

—► [CH.,=C=O=0] + ROCH C11CO R ^  2 (1)
B-

lb
I

polymer
where BH = 1 or other carbo acid

methylamine-initiated dehydrochlorination of 2-butenoyl 
chloride.8

The amounts of polymer formed at low catalyst/monomer 
ratios (rmoi 0.12-0.40) are in approximate agreement with 
reaction 1, since for each mole of 3-alkoxypropionate (2) 
formed there is at least 1 mol of the suggested methylene ke
tene (lb) found in the polymeric form (Table I). Further, the 
amount of polymer in the above range of rmoi values decreases 
with decrease in the concentration of 2. On the other hand, the 
marked increase in polymeric products at rmoi = 0.4-1.0 is 
apparently connected with the formation of 2-ethyl-l-hexanol
(5) by decomposition of the metalated acrylate (vide infra).

The addition of an alkoxide anion at the C-3 position of an 
a,j8-unsaturated ester seems to be limited to acrylates having 
no substituents at this position. No such reaction was observed 
with ethyl crotonate,7 indicating that a /i-alkvl substituent 
hinders this type of addition. Addition of alcohols to acrylates 
in the presence of base catalysts has been reported.9

By analogy with the mechanism proposed for dimerization 
of ethyl crotonate,7 the formation of dimer 3 could proceed

c h 2 c h .,
II ^  Il BH

RO.CC" CH,=CHCO,R RO.CCCH,CHCO,R -  -  3
B-

K+ K+
la 3a (2)

by metalation of the acrylate at the a-vinylic position, followed 
by addition of the resulting carbanion to a second monomer 
molecule.

Trimer 4 is most likely formed by addition of the dimeric 
anion 3a to another monomer molecule to form a resonance- 
stabilized cylic precursor, which on protonation yields 4. A 
similar mechanism was previously proposed for the high-yield

trimerization of 2-butenonitrile to l,3,5-tricyano-2,4,6-tri- 
methylcyclohexane.1

The inversion in the relative importance of sequences 1 and 
2, accompanying the increase in conversion from 30 to 80% 
(Table I), may be partially related to changes in the extent of 
ionic dissociation of the metalated monomer with the progress 
of the reaction. It should be noted that, while alkoxide elimi
nation from the ion pair la  (reaction 1) may proceed without 
steric interference by the alkali counterion, the rate of addition 
of the monomeric carbanion to a second acrylate molecule 
(reaction 2) may considerably depend on the steric effect of 
this cation. In the initial low-polar reaction medium, con
sisting mainly of ethylcyclohexane, the extent of ionization 
of la is very low and, therefore, reaction 1 is apparently faster 
than reaction 2. However, with increase in conversion, i.e., with 
gradual accumulation of the alkoxy ester 2, the polarity of the 
reaction medium is expected to be augmented, with conse
quent increase in the ionization of la. This could facilitate 
addition of the monomeric carbanion and increase the relative 
rate of reaction 2.

The absence of compounds 2 and 3, and the preferential 
formation of 2-ethyl-l-hexanol (5) and high-boiling polymers 
at high catalyst/monomer ratios (rmol = 0.71-1.00) can be 
explained in terms of the anticipated high extent of metalation 
of the starting acrylate under these conditions. In the absence 
of sufficient concentration of nonmetalated monomer, serving 
as a free carbanion acceptor, the metalated monomer la could

n  j j
C H .= C —  — »  ROK +  [CH , = C = O = 0 ] - *  polvmev

y  OR

K+^  (3)

gradually decompose to yield polymeric products and alkoxide 
5a, which upon acidification at the end of the reaction gives 
the free alcohol 5 (R = 2-ethyl-l-hexyl).

It is not excluded, however, that part of the alkoxide anion 
is derived by retrogressive reaction of the alkoxy ester 2, which 
might have been formed in the initial stage of the reaction.

Since the concentration of protonating agent available in 
the reaction system at rmoi = 0.7-1.0 should be low, any di
meric anion produced under such conditions may tend to add 
to another monomer molecule, yielding a cyclic trimeric 
carbanion prior to the terminating protonation step. This 
could explain the preferred formation of trimer 4 rather than
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Table II. Composition of Products from K/C6H5CH2K Catalyzed Reaction of 2-Ethyl-l-hexyl Acrylate (1) as a Function
of Reaction Temperature0-6___________________________________ ______

expt no 9 10 11 12 13 14 15
reaction 20 70 100 132 150 174 216

temp, °C 
conversion of 84.8 86.4 84.6 80.4 71.1 70.8 65.3

1, mol%
product distribution,0 

% by wt 
2 65.6 56.5 42.2 25.4 10.2 9.7 9.1
3 13.2 25.5 43.5 57.0 65.9 71.9 75.8
other products'1 21.2 18.0 14.3 17.6 23.9 18.4 15.1

° In each experiment were used 0.05 mol of 1,0.5 mol of solvent, and the calculated amount of K/C6H5CH2K catalyst (0.018 g-atom 
of K metal and 0.005 mol of o-chlorotoluene). 6 Total reaction time, 120 min. c R = 2-ethyl-1-hexyl. d Compounds 4 and 5, plus polymeric 
products.

Table III. Dependence of Product Composition from K/CgHsCIUK-Catalyzed Reaction of Acrylates upon the Type of
Alcoholic (R) Group0-6___________________________________________

expt no. 16 17 18 19 20 21 22
starting acrylate 

(CH2=CHCO>R), 
R =

registry no.

CH3 (la) C2H5 (lb) isobutyl (lc) 2-ethyl-1-hexyl (Id) cyclohexyl (le) n-Ci2H25)
(If)

l - b o r n y l  (lg)

96-33-3 140-88-5 106-63-8 103-11-7 3066-71-5 2156-97-0 67253-41-2
monomer conversion, 

mol %
product distribution,0 

% by wt

~100 -100 80.2 80.4 79.8 3.2 5.1

2 3.0 20.1 21.3 22.3 22.1 18.0
registry no. 763-69-9 67208-80-4 38940-91-9 67208-81-5 67208-82-6 67208-83-7

3 6.0 46.0 58.5 60.2 75.9 79.0
registry no. 5621-43-2 67208-84-8 67208-85-9 23720-24-3 67208-86-0 67208-87-1
polymer ~100 91.0 33.9 20.2 17.5 2.0 2.0
r d im e r  3 /p o ly m e r
mol % 1 converted to:

0.06 1.35 2.9 3.5 37.9 39.5

3-Alkoxvpropionate
(2)

3 12.8 12.7 14.3 12.8 10.7

Dimer (3) 6 46.0 58.4 59.0 74.5 78.6
(CH2=C =C O )d 
“polymer” e 
registry no.

100
9003-21-8

3
88
9003-32-1

12.8
28.4
26335-74-0

12.7
16.2
9003-77-4

14.3
12.4
27458-65-7

12.8 10.7

a’b As in Table I; catalyst/monomer ratio = 0.36. 0 No significant amounts of trimer 4 could be detected under the experimental 
conditions. d-c See footnotes f and g (Table I), respectively.

dimer 3 in experiments 7 and 8.
Effect of Reaction Temperature. The change in product 

distribution as a function of reaction temperature was in
vestigated in the range of 20-216 °C, using 1 as starting 
monomer and keeping a constant potassium-benzylpo- 
tassium/1 ratio (rmoi = 0.36) in all experiments. Methyl- or 
ethylcyclohexane was used as solvent for temperatures up to 
132 °C, and n-decane or n-dodecane was used for tempera
tures in the range of 150-216 °C.

Results obtained are summarized in Table II. As seen, 
alkoxy ester 2 is the main product at 20 and 70 °C, even at the 
high conversion levels reached (84.8 and 86.4%, respectively). 
This seems to indicate that at these relatively low tempera
tures the alkoxide transfer sequence (eq 1) remains kinetically 
favored even if the polarity of the solvent is somewhat changed 
with the progress of the reaction. However, with increase in 
reaction temperature above 100 °C there is a gradual increase 
in the relative rate of the competing dimerization reaction (eq 
2), and the range of 174-216 °C is adaptable for preparation 
of dimer 3 in good yields (72-76% by weight). It is also ob
served that, while dimerization selectivity increases with in
crease in temperature from 100 to 216 °C, the total monomer 
conversion somewhat decreases. This can be explained by 
increased retrogressive reaction of dimer 3, leading to the 
monomer (reaction 2).

Influence of the Alcoholic (R) Group. The dependence

of product composition upon the type of alcoholic (R) group 
in the acrylate monomer was investigated by a series of com
parative experiments with different acrylates (R = CH3, C2H5, 
isobutyl, 2-ethyl-l-hexyl, cyclohexyl, n-dodecyl, and 1-bor- 
nyl), using potassium-benzylpotassium as catalyst.

Results obtained are summarized in Table III. As seen, both 
monomer conversion and product distribution change con
siderably with variation in the type of R group. Under the 
experimental conditions, conversion is quantitative for methyl 
and ethyl acrylates (la and lb, respectively), decreases for 
monomers with medium size R groups, e.g., compounds lc, 
Id, and le, and drops sharply for acrylates with long-chain or 
bulky R groups, e.g., compounds If and lg. In the latter case 
the deactivation effect seems to be mainly steric, although it 
is uncertain whether hindrance by a bulky R group affects the 
first reaction step, i.e., the metalation of the acrylate, or the 
subsequent addition steps of the process. A deactivating effect 
of bulky R groups has been also observed in radical type 
polymerization of acrylates.11

The effect of the R group is particularly pronounced in 
controlling the relative extent of dimerization vs. that of 
polymerization. Whereas methyl acrylate is exceptional in 
yielding exclusively high molecular weight polymers, it is 
found (Table III) that the dimer 3/polymer ratio increases 
markedly with increase in the size of the R group. Polymer 
formation is low with cyclohexyl acrylate and is fully sup-
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Table IV. Dependence of Product Composition from the 
Reaction of 2-Ethyl-1-hexyl Acrylate ( 1 ) upon Catalyst

_____________________ Type“ '6

expt no. 23 24 25 26
catalyst system K /K CH 2- Na/Na- Li/Li CH2- Na/Al2-

c6h 5 CH2- C6Hsc 0 3rf

conversion of 1, 70.8
c 6h 5

30.2 < 1.0 12.2
mol % 

product 
distribution, 
% by wt 
2 9.7 < 0.1 10.7
3 71.9 76.4 24.1
other products 18.4 23.6 65.2

n In experiments 23, 24, and 25 were used 0.05 mol of monomer, 
0.018 g atom of metal, 0.5 mol of solvent, and 0.005 mol o f pro
moter (o-chlorotoluene). b Reaction temperature, 174 °C, except 
in expt 26 (132 °C); reaction time, 120 m in .c In the preparation 
of this catalyst, the Li metal (0.18 g atom) was dispersed at 216 
°C, instead of 170 °C, as used for the other alkali metals. d 0.5 g 
(0.22 g atom) of sodium and 3 g of alumina were used for prepa
ration of this catalyst.

pressed with n-dodecyl and 1-bornyl acrylates. The increase 
in dimerization selectivity for such compounds indicates that 
a bulky R group may prevent the growth of a polymeric chain 
beyond the dimeric stage, i.e., the rate of protonation of a di
meric anion in such cases may be faster than propagation.

Effect of Catalyst Type. The dependence of relative re
action rate and of product composition upon the type of alkali 
metal catalyst was examined by a series of experiments with 
I in the presence of promoted potassium, sodium, and lithium 
metal dispersions, as well as sodium supported on alumina. 
A sufficiently high temperature (174 °C ) was used in experi
ments with the nonsupported catalysts in order to increase 
dimerization selectivity. The supported sodium-alumina 
catalyst was employed at 132 °C.

Results obtained are summarized in Table IV. As seen, the 
relative activity of the nonsupported alkali metal catalysts 
increases with increase in the electropositivity of the alkali 
metal, the order being K > Na > Li. Although potassium- 
benzylpotassium is about 2.4 times more active than so- 
dium-benzylsodium (expt 23 vs. 24), the latter is a more se
lective dimerization catalyst since it does not catalyze the 
formation of the alkoxy ester 2. Lithium-benzyllithium is 
essentially inactive for this reaction. These results are in 
agreement with the sharp decrease in ionic character of 
metal-carbon bonds in passing from potassium to sodium to 
lithium. It is known that the extent of separation between the 
counterion and the carbanion end group of an oligomer is the 
primary factor which determines the rate of reaction propa
gation.12'13

The main reaction in the presence of the supported so
dium-alumina catalyst is polymerization, 63.5%, and only 
24.1% of dimer 3 is produced, based on reacted monomer.

Experimental Section
Apparatus, Catalysts, and Experimental Procedure. The ap

paratus consisted of a 250-mL three-neck flask, provided with a 
high-speed stirrer (10 000 rpm), a reflux condenser, an inlet for dry 
nitrogen, a thermometer, and a calibrated Sage syringe pump. Heat 
was provided by means of a thermo-regulated heating mantle. Typical 
experiments with promoted alkali metal catalysts were performed, 
using the following procedure.

About 20 mL of solvent, e.g., methylcyclohexane, was introduced 
in the reaction flask and the desired amount of freshly cut alkali metal 
was added to it under a stream, ~30 mL/min, of nitrogen. The mixture 
was heated at the reflux temperature of the solvent for a period of 20 
min, and the melted metal was subsequently dispersed into a fine 
powder form by stirring for a period of at least 1 h. The calculated

amount of promoter, usually o-chlorotoluene, was then added to the 
mixture to generate the benzylalkali salt,6'7 and the stirring was 
contined for another 2 h. After bringing the mixture to the desired 
reaction temperature, the monomer solution (monomer/solvent molar 
ratio 1:10) was added dropwise to the flask at a constant feed rate. At 
the end of the selected reaction period, the mixture was cooled to —10 
°C, and the alkali metal catalyst was decomposed by adding absolute 
ethanol. This was followed by consecutive washing of the mixture with 
10% aqueous hydrochloric acid, 10% aqueous sodium bicarbonate, and, 
finally, with water. The product obtained was dried on anhydrous 
magnesium sulfate, filtered, and examined by gas chromatography, 
usually without removal of the solvent. In some cases, gas chroma
tography was preceded by flash distillation of the product at 0.1 
Torr.

The supported sodium-alumina catalyst was prepared and used 
in situ according to a general procedure described previously.14

Quantitative gas chromatographic analysis of product components 
was performed with the following types of columns: (a) a 6 ft X Vs in. 
tube packed with 10% silicone gum rubber on 80-100 mesh Diatoport 
S; (b) a 6 ft X Vg in. tube packed with 10% of diethylene glycol succi
nate on 80-90 mesh Anakrom A; and (c) a 300 ft X 0.01 in. Golay 
column coated with trifluoropropylmethylsilicone. Preparative 6 ft 
% in. columns packed as in a and b were also employed.

Individual product components were isolated by fractional distil
lation and/or preparative gas chromatography, and subsequently 
identified by a combination of NMR, infrared, and mass spectral 
methods.

Preparation of Starting Materials. Acrylic acid esters (purity 
>98%) were prepared by sulfuric acid catalyzed alcoholysis of methyl 
acrylate15,16 with an excess of the desired alcohol (isobutyl alcohol, 
cyclohexanol, 2-ethyl-l-hexanol, 1-borneol, or 1-dodecanol) followed 
by distillation at 15 Torr.

Isolation and Identification of Products. Alkyl 3-Alkoxypro- 
pionate (2). The isolation and identification of 3-alkoxypropionates 
obtained from different acrylates is illustrated by the following ex
ample.

Isobutyl 3-isobutoxypropionate (2c) was isolated by fractional 
distillation of the combined product from several experiments. 
Repurification by preparative gas chromatography gave a sample of 
98% purity: bp 74-75 °C (0.5 mm); IR (CS2) 2945-2860 (CH3 
stretching), 1735 (C = 0  stretching), 1374-1360 (CH deformation in 
(CH3)2C),17 1105 and 1065 (C-O-C strecthing) cm-1; NMR (CCI4) 
b 3.80 (d, 2 H, J = 6.5 Hz, C 02CH2CH(CH3)2, 3.63 (t, 2 H, J = 6.5 Hz, 
0CH2CH2C 02R), 3.16 (d, 2 H ,J  = 6.5 Hz, (CH3)2CHCH,OCH2), 2.47 
(t, 2 H, J = 6.0 Hz, 0CH 2CH2C 02R), 2.15-1.44 (m, 2 H, two 
CH(CH3)2), 0.95 (d, 12 H, J = 3 Hz, two (CH3)2CH); m/e 202 (M+). 
Complete separation of all NMR absorption bands was achieved by 
using tris[ 1,1,1,2,2,3,3-heptafluoro-7,7,-dimethyl-4,6-octanediona- 
to]europium [Eu(fod)3] as a shift reagent. This included separation 
of the two closely spaced doublets (6 3.80 and 3.63), and resolution 
of the multiplet (5 2.15-1.44) into two simpler multiplets, corre
sponding to the two different types of methine groups.

Anal. Calcd for Cu H220 3: C, 65.70; H, 11.04. Found: C, 65.60; H,
11.07.

The other 3-alkoxypropionates (2b-g, Table III) were analyzed by 
the same methods, and their identity was confirmed by mass spec
trometry.

Dialkyl a-Methyleneglutarate (3). The isolation and identifi
cation of the series of dimers 3 produced from different acrylates is 
illustrated by the following example.

Diisobutyl a-methyleneglutarate (3c) was obtained in 93% pu
rity by fractional distillation. Further purification by preparative gas 
chromatography gave a sample of 99% purity: bp 118-120 °C (0.5 
mm); IR (CS2) 2940-2860 (CH3 stretching), 1744 (C = 0  stretching 
in CH2C 02R),17 1720 (C = 0  stretching in C = C C 02R),17 1632 (con
jugated C=C ) cm "1; NMR (CC14) b 6.15 (s, 1 H, irans-HCH=C 
(C 02R)CH2CH2C 02R),7 5.60 (s, 1 H, cis-H C H =C (C 02R)- 
CH2CH2C 02R),7 3.90 (d, 2H, J = 6.5 Hz, C = C C 02CH2CH), 3.80 (d, 
2 H, J = 6.5 Hz, OCH2CH), 2.53 (t, 4 H, J = 3.5 Hz, CH2CH2C 02R),
1.00 (d, 6 H, J = 2.5 Hz, (CH3)2CH), 0.93 (d, 6 H, J = 2.5 Hz, (CH3)- 
2CH); m/e 256 (M+).

Anal. Calcd for Ci4H240 4: C, 65.59; H, 9.44. Found: C, 65.52; H,
9.50.

The identity of the other a-methyleneglutarates (3b, 3d-g, Table
III) was determined by the same methods and confirmed by mass 
spectrometry.

Tris(2-ethyl-l-hexyl) 1,3,5-Cyclohexanetriearboxylate (4d).
Liquid chromatography of the product from experiments 7 and 8 gave 
a 0.4-g sample of compound 4d in 98% purity. The chromatographic 
column, 40 in. X V4 in., was packed with 200 g of kieselgel 60,70-230 
mesh ASTM. Compound 4d shows R/ 0.5 (hexane/ethyl acetate 9:1,
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silica gel precoated aluminum plates; UV lamp development); NMR 
(CCU) 5 3.98 (m, 6 H, superposition of three doublets of OCH2 groups),
2.5-2.0 (m, 6 H, CH of the 2-ethyl-1-hexyl group and CH of the ring), 
1.67-1.10 (br signals, 30 H, ring CH2, and esteric CH2 groups), 0.83 
(m, 18 H, superimposed triplets of the CH2CH3 groups); IR (CHCI3) 
2980 (CH3 stretching), 2915 (CH2 stretching), 2890-2880 (CH 
stretching), 1735 (C = 0  stretching, saturated C 02R),17 1265-1000 
(cyclohexane ring deformation bands);11 m/e 552 (M+).

The 13C NMR spectrum of compound 4d is composed of nine major 
signals corresponding to the different types of carbons, as the antic
ipated tenth carbon is apparently not sufficiently resolved. A definite 
broadening of certain signals, e.g., those centered at 30.35, 23.86, and
10.98 ppm, may be due to dynamic equilibrium between different 
conformations of 4d under the conditions of measurement (25 °C). 
For chair-chair interconversion compound 4d should be preferably 
in an axial-equatorial-equatorial (a,e,e) conformation, whereas for 
the energetically less likely chair-boat interconversion, all the ester 
groups should be equatorially disposed (e,e,e conformation). Exam
ination of the spectrum indeed shows the presence of several narrow 
signals at 63.94, 31.95, 29.30,23.40, 22.70,19.76, and 14.47 ppm, which 
may be due to the presence of small amounts of the e,e,e conformer. 
Assignment of the major signals in the 13C NMR spectrum of 4, based 
on assignments in the spectrum of the starting monomer Id, is as 
follows: 10.97 (CH3 b), 14.01 (CH3 a), 23.86 (CHZCH2CH3), 28.96 
(CH2CH3 a), 30.35 (CH2CH), 38.74 (-C H -), 67.11 (OCH2), the des
ignation of the a and b positions of CH3 in the ester group being

( ’ll CH a
I '

-CO CH C H C im i CH CH b

1,3,5-Cyclohexanetricarboxylates obtained from other acrylates 
were analyzed by the same methods.

Registry No.—4d, 67208-88-2; benzylpotassium, 2785-29-7; po
tassium, 7440-09-7; isobutyl alcohol, 78-83-1; cyclohexanol, 108-93-0; 
2-ethyl-l-hexanol, 104-76-7; 1-borneol, 507-70— ; 1-dodecanol,
112-53-8.
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Multiple alkylations of several compounds possessing cyclopentadiene rings were accomplished by the action of 
alcohols in the presence of their corresponding alkoxides. Several new 1,3-dialkylindenes and 3,5-dialkyl-l,2,4-tri- 
phenylcvclopenta-1,3-dienes were synthesized. l,2,3,4,5-Pentabenzylcyclopenta-l,3-diene was prepared for the 
first time. It was also demonstrated that 9-benzylfluorene resulted from the action of benzylamine and sodium 
amide on fluorene.

Since active methylene groups of cyclopentadienes were 
shown to be alkylated by alcohols and base,3,4 a research 
program was undertaken to expand the scope of this reaction. 
In general form the reaction may be depicted as shown in eq 
1, a simplified formulation which disguises informative aspects

+  RCH.OH--------f  J  +  H,0 (1)

h ' b h .r
of the mechanism.3 However, an examination of this mecha
nism suggested that more than one, but not necessarily all, of 
the unsubstituted ring carbon atoms of variously constituted 
cyclopentadiene moieties should be capable of substitution.

It has already been demonstrated that each hydroxyl group 
of certain glycols will alkylate a fluorene molecule to afford 
bis(9-fluorenyl)alkanes5>6 and that benzyl alcohol will ben- 
zylate indene at both the 1 and 3 positions.4 Douris and 
Mathieu,7 however, isolated only a mixture of 1,3-dibenz- 
ylindene and l-benzyl-3-benzalindene from treatment of in
dene with benzyl alcohol in the presence of sodium alkoxide

or potassium hydroxide, although methanol, ethanol, and 
2-propanol gave only the corresponding monoalkylated de
rivatives under the same conditions. Fritz et al.,6 using less 
than molar equivalents of potassium hydroxide, were able to 
obtain a 74% yield of the dialkylated product with 2-ethyl- 
hexanol and indene and 26% yield of dialkylated product with 
cyclohexanol; however, only a monoalkylate derivative was 
obtained with 2-propanol.

It was desirable, therefore, to increase the applicability of 
the reaction to “ multifunctional” cyclopentadienes (i.e., cy
clopentadienes possessing more than one potentially active 
methylene group) to provide groundwork for the possible 
synthesis of a new class of all-hydrocarbon condensation 
polymers, some of which would be expected to possess a high 
order of thermal stability. It was further of interest to deter
mine whether amines (which are considerably more basic than 
alcohols) could be similarly employed. Such a reaction would 
make possible alkylation by a similar route of methylene or 
methyl groups much less acidic than those present in cyclo
pentadienes.
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Results and Discussion
1,3-Dialkylindenes. In contrast to the work just cited6’7 

the reaction of indene with a large excess of alcohol (ethanol, 
1-propanol, 2-propanol, and benzyl alcohol in separate ex
periments) in the presence of the corresponding sodium alk- 
oxide in a heated pressure vessel afforded good yields of
1,3-dialkylindenes. What had previously been an isolated

R
example of hydrocarbon difunctionality in this reaction4 has 
now been shown to be quite general. Since in earlier work4 care 
was taken to prove conclusively that indene was benzylated 
in the 1 and 3 positions but not elsewhere, it was only neces
sary at this time to consider the elemental analyses, boiling 
temperatures in relation to indene and the reported8 1,3- 
dimethylindene, and the boiling point order (diethyl < di
isopropyl < di-n-propyl) to be reasonably certain of the 
structures.

An interesting exception to the dialkylation of indene was 
the attempt made with methanol. Although 1,3-dimethylin- 
dene is a known stable compound,8 bp 212 °C, none whatever 
could be isolated by the present method; in fact, no material 
boiling above 208 °C was present in the reaction product from 
indene, methanol, and sodium methoxide. Two fractions 
boiling in the range 202-208 °C were collected, however. Gas 
chromatographic analysis revealed the presence of two par
tially resolved peaks. Elemental analyses of these products 
afforded values corresponding to CnH]4, identified as a 
mixture of cis- and trans- 1,3-dimethylindane. Since the basic 
alcoholic mixture is known to reduce carbon-carbon double 
bonds,3 it appears that under the conditions used methanol 
is capable of reducing any 1,3-dimethylindene formed to a 
mixture of cis- and trans- 1,3-dimethylindane [reported9 bp
202.3 °C (740.5 mm)], which would account for the two par
tially resolved peaks upon gas chromatography.

1,2,4-Triphenylcyclopenta-l,3-diene and the 3,5-Di- 
alkyl-1,2,4-triphenylcyclopenta-l,3-dienes. The dialkyl- 
triphenylcyclopentadienes were prepared by reaction of
1,2,4-triphenylcyclopenta-l,3-diene with appropriate alcohols 
and corresponding sodium alkoxides. The chemistry of the 
starting material contains much that is of interest. 1,2,4-Tri- 
phenylcyclopenta-1,3-diene (1) was prepared by the series of 
reported reactions10-12 depicted in Scheme I. The first two 
steps are straightforward, but the conversion of the pinacol 
2 to the hydrocarbon merits some discussion. Dehydration is 
preferred over a pinacol rearrangement, a fact contrary to 
many typical cases. Although the 1,2 migration would not be 
favored because of the attendant formation of a cyclobutane 
ring from a cyclopentane moiety, phenyl migration could be 
expected to give a stable triphenylcyclopentanone. Two pos
sible explanations for the direction of the reaction may be 
proposed. First, dehydration gives the resonance-stabilized 
conjugated diene,13 which would provide a driving force for
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this manner of reaction. A second explanation is on steric 
grounds. It is known that the pinacol rearrangement on ring 
systems is favorable only if the migrating and leaving groups 
lie trans to each other.12’13 Thus, if the glycol is principally the 
trans isomer (that is, if the phenyl migrating group is not op
posite the OH group), rearrangement would not be favored. 
It is possible that there is some 2,2,4-triphenylcyclopentan- 
1-one resulting from a pinacol-pinacolone rearrangement in 
the small amount of byproduct having a wide melting 
range.

The 3,5-dimethyl and 3,5-di-n-propyl derivatives were 
prepared in 35 and 63% yields, respectively, from the corre
sponding alcohols and their alkoxides by heating with the 
trisubstituted cyclopentadiene 1 in a steel reaction vessel as 
described for the preparation of the dialkylindenes. That the 
compounds possess the claimed structure is indicated by the 
presence in the UV spectra of the longer wavelength band 
demonstrated in the starting material. In the alkylated

F .H ^ _____ > ’.11

C„H,

products, the band suffers a slight hypsochromic shift and is 
decreased somewhat in intensity, presumably due to steric 
interference with planarity. It should be noted that in this 
more highly conjugated system, methanol is a suitable alkyl
ating alcohol, in contrast to the reaction with indene.

l,2,3,4,5-Pentabenzyleyclopenta-l,3-diene. The reaction 
of cyclopentadiene dimer with a large excess of benzyl alcohol 
and sodium benzyloxide in diisopropylbenzene solvent under 
reflux afforded a 19% yield of pentabenzylcyclopentadiene (4).

The structure of this hitherto unreported hydrocarbon was 
established by ultimate analysis, molecular weight determi
nation, and NMR spectroscopy. The NMR spectrum obtained 
in deuteriochloroform was consistent with the pentabenzyl
cyclopentadiene structure. Peaks at r 2.80 (relative area = 20) 
and r 3.21 (relative area = 5) were assigned to aromatic pro
tons. The unique aromatic ring is almost assuredly the one 
linked ultimately to the 5-carbon atom of the five-membered 
ring. Its relatively high-field position suggests that it is held 
essentially above (or below) the planes of the nearby aromatic 
rings. Moreover, peaks in the range r 5.91-6.82 had a total 
relative area of approximately 11, consistent with the nature 
and number of the nonaromatic protons in the molecule. In 
connection with the nonplanarity of the structure, Pauson has 
determined that in the related multiphenylcyclopentadienes, 
the aromatic rings are twisted out of plane.16

When similar reactions with ethanol or 1-propanol as the 
alkylating alcohol were attempted, only mixtures of products 
could be obtained. Evidence points to varying degrees of re
action, with termination prior to pentaalkyfation likely due 
to reduction of the double bonds of the cyclopentadiene ring 
(see the above discussion of the attempted preparation of
1,3-dimethylindene). Such an occurrence would account for
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the low yield of the pentabenzyl compound as well. It should 
be noted that reduction of the double bonds in cyclopenta- 
diene itself due to diminished opportunity for resonance 
stabilization would be favored over such a process in the other 
compounds of this class which have been subjected to the re
action.

9-Benzylfluorene from Fluorene and Benzylamine.
During the course of this work it became of interest to deter
mine whether amines could split out ammonia when heated 
with one of the acidic hydrocarbons and base, just as the al
cohols lose a molecule of water. Such a process would result 
in similar alkylations, but since an amine plus sodium amide 
is much more basic a mixture than is an alcohol and its alk- 
oxide, the former mixture should be able to alkylate much 
more weakly acidic molecules. It was felt that the first step in 
testing such a hypothesis should be alkylation by this method 
of one of the hydrocarbons known to be alkylated by alcohols. 
Accordingly, when fluorene was heated with an excess of 
benzylamine and some sodium amide in diisopropylbenzene 
solvent, ammonia was evolved and a 67% yield of 9-benzyl- 
fluorene was obtained. Although there is no conclusive evi
dence, it is very probable that the mechanism of this reaction 
is similar to that with alcohols.

Experimental Section17-18

1.3- Diethylindene. To a solution of 7.7 g (0.33 g-atom) of sodium 
metal in 150 mL of absolute ethanol19 in a 300-mL steel reaction vessel 
was added 13.2 g (0.114 mol) of indene (Neville Chemical Co., 97.5% 
minimum purity). After the mixture was heated and rocked at 205 
°C for 8 h, the reaction product was removed with the aid of 400 mL 
of water and 150 mL of benzene added alternately in small portions. 
The resulting mixture was acidified with a small amount of hydro
chloric acid, and the layers were separated. After the aqueous layer 
was shaken with 50 mL of benzene, the extract was combined with 
the original organic layer. The combined organic solutions were 
washed with two 400-mL portions of water and then dried over po
tassium carbonate. After the benzene had been removed by distilla
tion through a 6-in. Vigreux column, the residue was vacuum distilled 
through a V3 X 12-in., helix-packed column to give 12.5 g (65%) of
1,3-diethylindene: bp 136 (26 mm), 140 °C (28.5 mm); n26p 1.5385. 
A purity of at least 95% was indicated by gas chromatography.

Anal. Calcd for C ,,H W: C, 90.64; H, 9.36. Found: C, 90.80; H,
9.54.

1.3- Di-n-propylindene. A mixture of 11 g (0.095 mol) of indene 
and a solution of 6 g (0.026 g-atom) of sodium metal reacted with 150 
mL of 1-propanol19 was treated as described for the preparation of 
diethylindene to give 13.5 g (72%) of 1,3-di-n-propylindene, bp
159.8- 161.7 °C (20.5 mm), n26p 1.5270, which showed a single peak 
when examined by gas chromatography.

Anal. Calcd for C15H20: C, 89.94; H, 10.06. Found: C, 90.03; H, 
9.89.

1.3- Diisopropylindene. This reaction was a duplicate of that for 
di-n-propylindene with the same quantities of reagents, but with 
2-propanol replacing 1-propanol. Because the solubility of sodium 
isopropoxide in 2-propanol is fairly low, the hot alcoholic solution 
solidified when an attempt was made to pour it into the reaction 
vessel. For this reason the sodium metal was allowed to react with the 
alcohol in the vessel under reflux and the indene was then added. 
Fractionation gave 14.0 g (74%) of 1,3-diisopropylindene, bp
144.9- 148.8 °C (20 mm), n26p 1.5234, which likewise gave a single peak 
when examined by gas chromatography.

Anal. Calcd for CiEH20: C, 89.94; H, 10.06. Found: C, 90.20; H,
10.10.

1.3- Dibenzylindene. A mixture of 7.0 g (0.06 mol) of indene and 
a solution of 4.0 g (0.17 g-atom) of sodium metal reacted with 150 mL 
of benzyl alcohol19 was treated exactly as for the diethylation of in
dene, except that during the workup, after acidification, the organic 
layer was extracted with three portions of a sodium bicarbonate so
lution to remove precipitated benzoic acid. Fractionation gave 7.6 g 
(43%) of 1,3-dibenzylindene, bp 166-173 °C (0.05-0.08 mm) [reported4 
bp 240-247 °C (5 mm)].

Reaction of Indene with Sodium Methoxide and Methanol. A
mixture of 13.2 g (0.114 mol) of indene and a solution of 7.7 g (0.33 
g-atom) of metallic sodium reacted with 150 mL of methanol19 con
tained in a 300-mL reaction vessel was heated and rocked for 16 h at 
220 °C. The workup to the distillation was exactly as described for

diethylindene. Distillation without a column was carried out at at
mospheric pressure to give one fraction, bp 200-205 °C, and a second 
fraction, bp 205-208 °C. No material was collected that distilled above 
208 °C, even though the bath temperature was taken as high as 280 
°C and a small amount of liquid remained in the flask (reported6 for
1,3-dimethylindene, bp 212-214 °C). The fractions were combined 
and redistilled through a V3 X 12-in., helix-packed column at atmo
spheric pressure to give 2.5 g of a mixture of cis- and trans- 1,3-di- 
methylindane, bp 202-203 °C [reported9 bp 202.3 °C (740.5 mm)], 
and 1 g of residue that was collected by flash distillation. On exami
nation by gas chromatography on a 1:6 silicone grease on Chromosorb 
P column at 220 °C, cut 1 gave a partially resolved doublet while cut 
2 corresponded mainly to the second peak found for cut 1.

Anal. Calcd for Cn Hi4: C, 90.35; H, 9.65. Found: C, 90.57; H,
9.80.

1,3,5-Triphenyl-1,5-pentanedione (Benzaldiacetophenone).
To a mixture of 60.0 g (0.57 mol) of benzaldehyde and 180 g (1.50 mol) 
of acetophenone dissolved in 600 g of ethanol was added 150 g of 40% 
aqueous sodium hydroxide. After the mixture was heated under reflux 
for 15 min, the solution was cooled to room temperature and 600 mL 
of water was added, whereupon a deep orange oil settled to the bottom 
of the vessel. To a solution of this oil in hot ethanol was added just 
enough water to approach but not reach the precipitation point. When 
the mixture was allowed to stand, oil but not solid was deposited. The 
mixture was then poured with stirring into 1.5 L of water and allowed 
to stand overnight to produce a mass of light yellow crystals. These 
crystals were collected, crushed, and stirred with 250 mL of cold 
methanol to obtain 122 g of white product, mp 82-84 °C (reported11 
mp 85 °C). The mother liquor was evaporated to 25% of its volume, 
cooled, and allowed to crystallize to provide an additional 15 g (for 
a total 73% yield) of l,3,5-triphenyl-l,5-pentanedione. mp 81.5-83.5
°c.

1.2.4- Triphenyl-l,2-cyclopentanediol. To a solution of 80.0 g 
(0.24 mol) of l,3,5-triphenyl-l,5-pentanedione in 4000 mL of glacial 
acetic acid at 95 °C contained in a 5-L, three-neck flask equipped with 
a mercury sealed stirrer, a reflux condenser, and a thermometer 
dipping into the liquid, a fivefold excess of zinc dust was added peri
odically with stirring during 5 h. Considerable unreacted zinc re
mained at the end of this time. The hot mixture was filtered and the 
filtrate was poured into 4 gal of cold water to give a voluminous light 
yellow precipitate. After the solid was collected on a filter with suction 
and air dried, the material was dissolved in hot ethanol and repreci
pitated by pouring the solution into 4 gal of cold water. The precipitate 
was recrystallized from 90-100 °C petroleum ether to afford 42 g (53%) 
of white solid l,2,4-t.riphenyl-l,2-cyclopentanediol, mp 140.5-144.5 
°C (reported11 mp 142 °C).

1.2.4- TriphenylcycIopenta-l,3-diene. When a mixture of 75 mL 
of concentrated hydrochloric acid, 400 mL of ethanol, and 42 g (0.13 
mol) of l,2,4-triphenyl-l,2-cyclopentanediol was heated under reflux 
for 3 h, the precipitate (which formed after the first few minutes of 
boiling) was separated by filtration from the cooled mixture to give 
a yellow solid, mp 147.8-150.2 °C. One crystallization from the min
imum quantity of boiling ethanol afforded 26.6 g (70%) of yellow 
crystals, mp 151.6-152.9 °C (reported11 mp 149 °C).

Anal. Calcd for C2.3Hi8: C, 93.84; H, 6.16. Found: C, 93.88; H, 
6.24.

The ultraviolet spectrum taken on a solution of 1.236 ±  0.004 mg 
of the diene in 100 mL of isooctane gave the following results.

X, nm absorbance log e
229 0.817 4.290
244 0.746 4.250
256 0.778 4.267
338 0.723 4.236

An NMR spectrum on a saturated solution of the compound in carbon 
tetrachloride showed that the ratio vinyl/allylie hydrogen atoms was 
2:1. A second portion of impure crystals (6.5 g, 100 °C melting range) 
was deposited from the mother liquor of the recrystallization step after 
being allowed to stand at -2 0  °.

3,5-Dimethyl-1,2,4-triphenylcyclopenta- 1,3-diene. A mixture 
of 2.94 g (0.01 mol) of 1,2,4-triphenylcyclopentadiene and a solution 
of 4.5 g (0.20 g-atom) of metallic sodium reacted with 80 mL of 
methanol was heated and rocked in a steel reaction vessel at 215 °C 
for 17 h. After the vessel was allowed to cool and the mixture was re
moved with the aid of several alternate portions of benzene and water, 
the resulting mixture was neutralized with dilute hydrochloric acid. 
After the aqueous layer was extracted with three small portions of 
benzene, the combined extracts and benzene layer were washed with 
three portions of a dilute calcium chloride solution and then dried over
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potassium carbonate. Most of the solvent was gradually removed with 
a rotary evaporator (the solution became quite cold) until an appre
ciable amount of solid was deposited. Rapid filtering and drying gave
1.26 g of light yellow powder. (Only tar was deposited upon removal 
of additional solvent from the mother liquor in the same manner.) The 
powder was recrystallized in 83% recovery from methanol to give 1.05 
g (35%) of 3,5-dimethyl-l,2,4-triphenylcyclopenta-l,3-diene. mp 
122-124 °C. Recrystallization from ethanol plus a few drops of chlo
roform gave an analytical sample, mp 125.7-126,7 °C.

Anal. Calcd for C25H22: C, 93.12; H, 6.88. Found: C, 93.28; H,
7.05.

An ultraviolet spectrum on a solution of 1.025 ±  0.004 mg of the 
methylated diene in 100 mL of isooctane gave Amax 230 (log t 4.253) 
and 322 nm (log < 4.220) with a slight shoulder at 253 nm.

3.5- Di-n-propyl-l,2,4-triphenylcyclopenta-l,3-diene. The same 
method described for the dimethyl derivative was followed, with an 
equal volume of 1-propanol instead of the methanol and heating and 
rocking at 210 °C for 17 h. After the solvent was removed in a rotary 
evaporator, 2.38 g (63%) of the light yellow powder was obtained. This 
material was recrystallized first from methanol, then from 1:1 
methanol-ethanol and finally from methanol plus 10% ethanol to give 
an analytical sample of 3,5-di-re-propyl-l,2,4-triphenylcyclopenta-
1,3-diene, mp 93.7-94.7 °C.

Anal. Calcd for C29H30: C, 92.01; H, 7.99. Found: C, 91.74; H, 
7.79.

An ultraviolet spectrum on a solution of 1.015 ±  0.004 mg of the 
dipropyl derivative in 100 mL of isooctane gave Amax 257 (log 14.230) 
and 315 nm (log e 4.152).

1.2.3.4.5- Pentabenzylcyclopenta-1,3-diene. After 324 g (3 mol) 
of benzyl alcohol and 23 g (1 g-atom) of metallic sodium cut into small 
pieces had been reacted under a flow of prepurified nitrogen, the 
mixture was allowed to cool and 300 mL of diisopropylbenzene (mixed 
isomers) plus 6.6 g (0.05 mol) of cyclopentadiene dimer (Carbide and 
Carbon Chemicals Co.) was added. While the mixture was stirred 
under reflux for 16 h in an atmosphere of nitrogen, the liquid tem
perature increased from 182 °C at the commencement of boiling to 
a maximum of 203 °C 6 h later, during which time 8 mL of aqueous 
layer had collected in a Dean Stark trap filled with benzyl alcohol. The 
temperature did not change with further reflux. As the reaction 
mixture was allowed to cool, a gel of sodium benzoate deposited. The 
semisolid mixture was dissolved in a mixture of benzene and water. 
After the organic layer was washed with three portions of water and 
dried with sodium sulfate, the solvent was removed by distillation at 
atmospheric pressure until 90 mL of liquid remained in the flask. 
After the liquid was cooled, the pressure was lowered to 16 mm with 
a water aspirator and solvent was removed until no more would come 
over at a bath temperature of 165 °C. The residue was distilled from 
a Claisen flask (no column) in an oil bath at a pressure of 0.8 mm to 
give a forerun, fraction A, bp 250-255 °C, and fraction B, bp 255-275 
°C. These two fractions could not be poured when cool. Each of these 
two fractions was dissolved separately in hot methanol and allowed 
to stand for 4 days at 2 °C. From fraction A was obtained 4 g of white 
solid, mp 64-71 °C, while fraction B gave 6 g of yellowish crystals, mp
67.5- 74.0 °C. The total amount represented 19% of the theoretical 
yield based on cyclopentadiene dimer. Each sample was recrystallized 
from methanol to give from solid A a material with mp 69.2-75.7 °C, 
and from solid B a material with mp 68.5-75.7 °C. These two samples 
were recrystallized again from the methanol to give crystals, mp
73.5- 75.5 and mp 73.2-76.0 °C, respectively. A mixture melting point 
of the two samples gave a value of 72.8-75.5 °C. The combined sam
ples were recrystallized three times from methanol plus a small 
amount of chloroform to obtain an analytical sample, mp 74.0-74.7 
°C.

Anal. Calcd for C40H36: C, 92.97; H, 7.02, mol wt, 517. Found: C, 
92.96; H, 6.80; mol wt, 494.

Molecular weight determination was cryoscopic in benzene. The 
ultraviolet spectrum in isooctane gave a single peak with Amax 276 nm 
(log e 3.92), while the infrared spectrum confirmed that the material 
was a hydrocarbon.

9-Benzylfluorene from Fluorene and Benzylamine. Into a 
250-mL, three-neck flask equipped with a mercury sealed stirrer, a 
reflux condenser, a tube for admitting prepurified nitrogen, and a 
thermometer extending through the condenser far enough to dip into 
the liquid were placed 4.15 g (0.025 mol) of fluorene (Eastman Organic 
Chemicals, recrystallized from acetone), 10 g (0.093 mol) of benzyl- 
amine. 1.4 g (0.035 mol) of sodium amide, and 100 mL of diisopro
pylbenzene. Heat was gradually applied until boiling commenced at 
199 °C (flask temperature). As the reflux was continued, the color 
became progressively darker and the temperature attained a maxi
mum of 204 °C 8 h later, but refluxing was continued for an additional 
2 h. The copious flow of ammonia which first was liberated gradually

dwindled until after 10 h only a trace was evident as indicated by moist 
red litmus paper held at the exit tube. After the mixture was allowed 
to cool overnight under the nitrogen stream, the solution was decanted 
and the remaining solid was dissolved by rinsing alternately with 
benzene and ethanol. After the combined extracts and main solution 
were washed with three portions of water, the brown organic layer was 
dried with sodium sulfate and calcium chloride. When the solvent was 
removed by distillation until the residue amounted to 10 mL, green 
crystals were deposited from the cold solution. Removal of additional 
solvent by distillation afforded a second crop of brown crystals. The 
combined samples (4.31 g, 67%) were recrystallized from hexane with 
the aid of decolorizing carbon to give 3.5 g of cream-colored crystals, 
mp 133.7-135.0 0 C. The crystallization was repeated from a small 
amount of toluene together with the hexane to give 3.12 g of almost 
white crystals, mp 134.5-136.0 °C. A mixture melting point with au
thentic sample of 9-benzylfluorene, mp 135.7-136.0 °C, prepared by 
the method of Sprinzak,20 melted at 135.5-136.4 °C.

Registry No.—1, 5074-28-2; 2, 67209-28-3; 4, 67209-29-4; 1,3- 
diethylindene, 67209-30-7; ethanol, 64-17-5; sodium ethoxide, 141- 
52-6; indene, 95-13-6; 1,3-di-n-propylindene, 67209-31-8; 1-propanol,
71-23-8; sodium propoxide, 6819-41-6; 1,3-diisopropylindene, 
67209-32-9; 2-propanol, 67-63-0; sodium isopropoxide, 683-60-3;
1,3-dibenzylindene, 40241-58-5; benzyl alcohol, 100-51-6; sodium 
benzyloxide, 20194-18-7; methanol, 67-56-1; sodium methoxide, 
124-41-4; cis-l,3-dimethylindane, 26561-33-1; trans- 1,3-dimethyl- 
indane, 40324-83-2; benzaldiacetophenone, 6263-84-9; benzaldehyde, 
100-52-7; acetophenone, 98-86-2; 3,5-dimethyl-l,2,4-triphenylcy- 
clopenta-1,3-diene, 67209-33-0; 3,5-di-n-propyl-l,2,4-triphenylcy- 
clopenta-1,3-diene, 67209-34-1; cyclopentadiene dimer, 7313-32-8;
9-benzylfluorene, 1572-46-9; fluorene, 86-73-7; benzylamine, 100- 
46-9.
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Reactions of dialkylamino(methyl)magnesium compounds, CH3MgNR2 (where NR2 = N-t-Pr2, NPh2, and 
NC5H8Me2), and aryloxy(methyl)magnesium compounds, CH3MgOR (where OR = 0 -'2,6-i-Pr2C6H3 and 0-2,6-i- 
Bu2-4-MeC6H2), with cyclic ketones such as 4-fert-butylcyclohexanone and 2,2,6,6-tetramethyl-4-fert-butylcyclo- 
hexanone have been studied. These reagents exhibit excellent stereoselectivity in the alkylation of these model 
compounds. The selectivity of the amide or aryloxy reagent has been shown to depend on the steric requirement 
of the aryloxy group, the steric requirement of the ketone, and the nature of the solvent.

A recent review1 concerning the stereochemistry of or- 
ganometallic compound addition to ketones points out the 
paucity of stereoselective alkylating agents, especially for the 
case of methylation of unhindered ketones. The reaction of 
methyllithium, in the presence of a lithium salt such as 
LiC104, with 4-feri-butylcyclohexanone to give a 94:6 axial/ 
equatorial alcohol ratio is probably the best example of ste
reoselective methylation hitherto reported.2

Our success with the stereoselective reduction of cyclic and 
bicyclic ketones with dialkylaminomagnesium hydrides3 
prompted us to apply similar reasoning to the problem of 
stereoselective alkylation. Namely, if such hydrides are good 
stereoselective reducing agents by virtue of their bulky di
alkylamino groups, then similar bulkiness in an alkylating 
agent should produce a similar effect.

We would now like to report on the reactions of dialk
ylamino- and aryloxy(methyl)magnesium compounds with 
cyclic ketones, showing their unusual stereoselective behavior 
as alkylating reagents.

Experimental Section
Apparatus. Reactions were performed under nitrogen at the bench 

using Schlenk tube techniques.4 GLC analyses were performed on an 
F and M Model 720 gas chromatograph. NMR spectra were recorded 
on a Jeol 100 MHz Fourier transform NMR spectrometer.

Analyses. Gas analyses were carried out by hydrolyzing samples 
with hydrochloric acid or methanol on a standard vacuum line 
equipped with a Toepler pump. Magnesium was determined by 
EDTA titration at pH 10 using Eriochrome Black T as an indica
tor.

Materials. Diisopropylamine (Aldrich), 2,6-dimethylpiperidine 
(Aldrich), and 2,6-diisopropylphenol (Ethyl Corp.) were dried over 
NaOH and fractionally distilled prior to use. Diphenylamine (Fisher), 
tert-amyl alcohol (Mallinckrodt), 2,6-di-iert-butyl-p-cresol (East
man), and triphenylphosphine (Fisher) were used without further 
purification. 4-teri-Butylcyclohexanone (Frinton) was sublimed 
under vacuum prior to use.

Diethyl ether and benzene were distilled from LiAlH4 and NaAlH4, 
respectively. Diphenyl ether was fractionally distilled under vacuum. 
Dimethylmagnesium was prepared by the reaction of dimethylmer- 
cury with excess magnesium metal (Ventron chips) at 25 °C.5 A so
lution in diethyl ether was standardized by magnesium and methane 
analyses (Mg/CH4 ratio was 1.00:1.98).

Preparation of 2,2,6,6-Tetramethyl-4-tert-butylcyclohexa- 
none. To a 1-L three-neck flask equipped with a reflux condenser and

0022-3263/78/1943-4O94SO1 00/0

nitrogen bubbler was added 34.5 g of sodium (1.50 mol) and 178 mL 
of ieri-amyl alcohol (excess). The mixture was stirred for 24 h under 
reflux until no sodium remained. Then 38.8 g of 4-tert-butylcyclo- 
hexanone (0.252 mol) in 158.4 g of methyl iodide (excess) was added 
dropwise, and the refluxing was continued for 1 week. The reaction 
mixture was then quenched with water and extracted with diethyl 
ether. The ether extract was dried over MgS04 and reduced under 
vacuum to give 49.6 g of an oil (93.7% crude yield). The material was 
crystallized twice from pentane to give 8.2 g (15.5% yield), mp
77.0-78.0 °C. The solid was sublimed at 65-85 °C at 2 mmHg. The 
yield was 7.1 g (mp 92.0-93.0 °C). The 2,2,6,6-tetramethyl-4-fert- 
butylcyclohexanone thus prepared was hygroscopic and was handled 
in a glovebox: NMR (CDCI3) 5 0.95 (s, 9 H), 1.10 (s, 6 H), 1.18 (s, 6 H),
1.62 (m, 5 H); IR (Nujol) 1715 cm" 1 (C = 0 ); MS m/e 210 (M+), 153 
(M+ -  C4H9). Anal. Calcd for C!4H260 : C, 79.94; H, 12.46. Found: C, 
79.69; H, 12.40.

Characterization of c i s -  and trans-l,2,2,6,6-Pentamethyl-
4-tert-butylcyclohexanol (Axial and Equatorial). The methyl
ation products from the reaction of 2,2,6,6-tetramethyl-4-tert- 
butylcyclohexanone and methylmagnesium bromide were collected 
via GLC on a 4 ft X 0.5 in 5% Carbowax 20M on Chromosorb W col
umn. The equatorial alcohol eluted first, as will be shown later.

t r a n s - 1,2,2,6,6-Pentamethyl-4-tert-butycycIohexanol 
(Equatorial). The first material collected by GLC gave the following 
data: mp 44.0-45.0 °C; NMR (CDC13) 5 0.85 (s, 9 H), 0.98 (s, 3 H), 1.05 
(s, 6 H), 1.13 (s, 6 H), 1.26 (m, 4 H), 1.61 (m, 1 H); IR (as melt) 3620, 
3500 cm' 1 (OH); MS m/e 226 (M+), 169 (M+ -  C4H9). Anal. Calcd 
for C15H30O: C, 79.58; H, 13.35. Found: C, 79.39; H, 13.39.

c i s - 1,2,2,6,6-Pentamethyl-4- tert-butylcyclohexan-1 -ol 
(Axial). The second material collected by glc gave the following data: 
mp 35.5-36.0 °C; NMR (CDCI3) 5 0.85 (s, 9 H), 0.95 (s, 3 H), 1.10 (s, 
6 H), 1.15 (s, 6 H), 1.20 (m, 4 H), 1.32 (m, 1 H); IR (as melt) 3620,3500 
cm“ 1 (OH); MS m/e 169 (M+ -  C4H9). Anal. Calcd for C ,5H3oO: C, 
79.58; H, 13.35. Found: C, 79.40; H, 13.34.

Assignment of Stereochemistry. Preliminary assignment of 
stereochemistry for the isomeric alcohols was based on melting point 
and NMR data. The axial alcohol is expected to have a lower melting 
point because of less steric hindrance from association due to hy
drogen bonding. Also, the a-methyl group of the axial alcohol G 0.95) 
was found at a higher field in the NMR spectrum than the corre
sponding signal of the a-methyl group in the equatorial alcohol (5 0.98) 
since the a-methyl group is shielded more by the (3-methyl groups in 
the axial alcohol.

In order to verify the assignment of stereochemistry, a shift reagent 
study was conducted. NMR samples were prepared from standard 
solutions of pure axial and equatorial alcohols in CDC13. Small ali
quots of a standard solution of Eu(fod)3 (Bio-Rad) in CDCI3 were 
added using a microliter syringe. The NMR spectra were recorded 
for various shift reagent/alcohol ratios, and chemical shifts due to the
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(CH3)2Mg,"
mmol

reactants 
R 2NH or ROH, 

mmol
registry

no. product
registry

no.
analysis (ratio) 
— Mg/CH;,

49.9 H N-i-Pr2
50.0

108-18-9 CH3M gN-i-Pr2 67209-22-7 1.00:0.99

42.9 HNPh,
42.8
\

122-39-4 CH3MgNPh2

\

67209-23-8 1.00:1.02

47.2 H M 504-03-0 CH,M(iN ) 67254-40-4 1.00:0.98

15.8

16.0

2078-54-8

128-37-0

67209-25-0

67209-24-9

1.00:0.98

1.00:0.99

15.9 (B)

“ All reactions were carried out at room temperature in diethyl ether for 1 h. 6 Registry no.: (CH3)2Mg, 2999-74-8.

tert-butyl group were followed for each alcohol. The data are plotted 
in Figure 1. The effect of addition of the shift reagent would be ex
pected to be larger on the axial alcohol where the tert-butyl and hy
droxyl groups are cis; thus, the compound with the larger slope (0.854 
compared to 0.283) is assigned to the axial alcohol.6 These data are 
compatible with the preliminary stereochemical assignment.

Attempts to obtain a single crystal of the axial alcohol for X-ray 
analysis failed to yield a suitable crystal. The p-bromobenzoyl ester 
derivative was prepared but was also unsuitable.

Results and Discussion
The dialkylamino(methyl)magnesium compounds,7 

CH3MgNR2 (where NR2 = N-i-Pr2, NPh2, and NC5H8Me2), 
used in these studies were prepared conveniently and quan
titatively by the reaction of dimethylmagnesium with an equal 
molar amount of the corresponding secondary amine at room 
temperature (eq 1). Preparation and analytical data are 
summarized in Table I.

Et20
C H 3M g C H 3 + HN-i-Pr2 — ► CH3MgN-(-Pr2 + C H 4 ( 1 )

The C H 3M g N R 2 compounds prepared by the method of eq 
1 were allowed to react with two representative ketones, i.e.,
4-ferf-butylcyclohexanone (I), representing a nonsterically 
hindered ketone, and 2,2,6,6-tetramethyl-4-terf-butylcyclo- 
hexanone (II), representing a sterically hindered ketone. The 
results of these reactions are summarized in Tables II and
III.

The least hindered methylating agents among magnesium 
compounds of the type CH3MgX are methyl Grignard and 
dimethylmagnesium. These compounds give 60 and 64% 
equatorial attack, respectively, with ketone I8 and 71 and 85% 
equatorial attack, respectively, with ketone II in diethyl ether. 
It was reasoned that increasing the steric bulk of the alkylating 
agent, CH3MgX, would cause a corresponding increase in 
attack from the less hindered side of the ketone, namely, from 
the equatorial side. Hence, the effect of replacing X  with the 
bulkier dialkylamino group R2'N was studied. In the case of 
ketone I, it was found that dialkyamino(methyl)magnesium 
compounds give essentially the same results as methyl Gri
gnard and dimethylmagnesium in diethyl ether (expt 1-3) and 
benzene (expt 13 and 14). It is apparent that the bulkiness of 
the dialkylamino group is too far removed from the reaction

Figure 1. Eu(fod)3 shift reagent study on cis- and irarcs-1,2,2,6,6- 
pentamethyl-4-iert-butylcyclohexanol: (a) axial alcohol and (b) 
equatorial alcohol.

center to be effective. However, the discovery was made that 
addition of triphenylphosphine to the reagent in a 2:1 ratio 
increased the steric bulk of the reagent by forming a complex 
between the phosphine and the magnesium. For the reagents 
diisopropylamino(methyl)magnesium (expt 4) and diphen- 
ylamino(methyl)magnesium (expt 5), excellent stereochemical 
results were obtained (95 and 100% equatorial attack, re
spectively). For the 2,6-dimethylpiperidine reagent (expt 6), 
there was only a small increase in the amount of equatorial 
attack with the addition of triphenylphosphine, indicating



4096 J. Org. Chem., Vol. 43, No. 21,1978 Ashby and Willard

Table II. Reactions of 4-tert-Butylcyclohexanone with Dialkylamino(methyl)magnesium Compounds

expt. reagent solvent additive

relative yield,h % 
axial equatorial 
OH OH

yield of 
alcohols,

%

mass
balance,“

%

Et20 73 27 26 98
Et20 72 28 33 97

Et20 71 29 10 57

Et20 2Ph3P 95 5 8 43
Et20 2Ph3P 100 0 4 34

Et20 2Ph3P 78 22 12 64

Et20 Ph3P 73 27 22 12
Et20 2Ph3P 64 36 93 93
Et90 2Ph3P 70 31 25 52
Et20 LiC104 79 21 10 56
Et20 UCIO4 100 0 9 87

Et20 ÜCIO4 0 0 0 13

PhH 63 37 44 99
PhH 71 29 30 100
PhH 2Ph3P 84 16 16 62
Ph20 100 0 24 35
Ph20 2Ph3P 100 0 34 55
Ph20 84 16 12 27
Ph20 2Ph3P 91 9 15.3 31.2
Ph,0 76 24 8.6 49.3
Ph20 2Ph3P 88 12 6.0 35.7
Ph20 100 0 3.2 50.3
Ph20 2Ph3P 100 0 3.1 57.8

Ph20 0 0 0 10.3

Ph20 2Ph3P 0 0 0 11.2

7
8 
9

10
11

12

13
14
15
16
17
18
19
20 
21 
22
23

24

25

CH3MgN-i-Pr2
CH3MgNPh2

CH.MsjN

CH3MgN-i-Pr2
CH3MgNPh2

CH MrN

/
CH3MgN-i-Pr2
CHsMgBr
CHsMgCH.,
CH3MgN-i-Pr2
CH3MgNPh2>

CH MgN

/
CH3MgN-t-Pr9
CH3MgNPh2
CH3MgN-¡-Pr2
CH:,MgBr
CH,MgBr
CH3MgCH3
CH3MgCH3
CH3MgN-i-Pr2
CH3MgN-!-Pr2
CH3MgNPh,
CH3MgNPh2

V
CH .M«N

CH .McN

“The molar ratio of reagent to ketone was 1.0:1.0. Reactions were performed at room temperature. ^Yields were determined by GLC 
using an internal standard. cThe mass balance includes the yield of alcohols and recovered ketone.

that the steric bulk of the reagent was only slightly affected. 
The 2,6-dimethyl groups probably decrease the degree of 
bonding between magnesium and triphenylphosphine due to 
steric interference. When triphenylphosphine was added to 
the reagent in a 1:1 ratio (expt 7), there was no increase in 
equatorial attack. Also, the addition of triphenylphosphine 
to Grignard reagent in a 2:1 ratio (expt 8) or dimethylmag- 
nesium (expt 9) had no effect on the sterochemical course of 
reaction. Excellent stereochemistry, however, was obtained 
for diphenylamino(methyl)magnesium when LiCl04 was 
added (expt 11). The mechanism here, however, probably 
involves complexation of the ketone by the lithium salt.2

Changing solvents from diethyl ether to benzene gives no 
increase in equatorial attack, but a change to diphenyl ether, 
a less basic and more sterically hindered ether than diethyl 
ether, does give more equatorial attack. For example, di- 
phenylamino(methyl)magnesium gives 100% equatorial attack 
in diphenyl ether (expt 22) compared to 72% in diethyl ether 
(expt 2). The effect is less for diisopropylamino(methyl)- 
magnesium (expt 20), and apparently the diphenyl ether even 
interferes with the ability of triphenylphosphine to complex 
the reagents (compare expt 21 and 4). The low yields and low 
mass balances obtained in all of the reactions with ketone I 
are due to enolization followed by Aldol condensation reac
tions in many cases.

Clearly then, CH3MgNPh2 is the most stereoselective of the 
CH3MgNR2 compounds, giving 100% equatorial attack when 
the solvent system is Et20-2Ph3P (expt 5), Et20 -LiC104 (expt 
11), or Ph20  (expt 22); however, the yields are low (3.1-9.4%). 
On the other hand, CH3MgBr in Ph20  (expt 16) and Ph20 -  
2Ph3P (expt 17) not only resulted in 100% equatorial attack, 
but also produced much higher yields (23.6-34.0%) than the 
CH3MgNR2 compounds. Of course, less enolization is ex
pected with the CH3MgBr compound than for the more basic 
CH3MgNR2 reagents.

In order to study the reagents further and circumvent the 
problem of enolization, alkylation studies were conducted on 
ketone II, a nonenolizable ketone. The results are summarized 
in Table III. The diisopropylamino(methyI)magnesium 
compound in ether gives the best stereochemical results (expt
26-28, 100% axial alcohol), even without added triphenyl
phosphine. The addition of triphenylphosphine increases the 
amount of axial alcohol for the other reagents (expt 33-35 in 
ether and expt 43-45 in Ph20), including methyl Grignard and 
dimethylmagnesium (expt 31 and 32 and 41 and 42), as ex
pected. In addition, changing solvent from diethyl ether to 
diphenyl ether also gave increased yields of axial alcohol with 
all reagents (expt 36-40).

The aryloxy(methyl)magnesium compounds,9 CH3MgOR 
(where OR = 0-2 ,64-Pr2C6H3 and 0-2,6-t-Bu2-4-MeC6H2),
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Table III. Reactions of 2,2,6,6-Tetramethyl-4-tert-butylcyclohexanone with Dialkylamino(methyl)magnesium 
____________________________________________ Compounds a

relative yield,6 % yield of mass
axial equatorial alcohols, balance,0

expt reagent solvent additive OH OH % %

26 CH,MgBr Et20 71 29 81 104
27 CH3MgCH3 Et20 86 14 109 109
28 CH3M gN-i-Pr2 Et20 100 0 103 106
29 CH3MgNPh2

\
Et20 87 13 118 118

30 Et20 97 3 96 103

31
/

CH3MgBr Et20 2Ph3P 81 19 94 94
32 CH3MgCH'j Et20 2Ph3P 95 5 92 92
33 CH3M gN-i-Pr2 E t,0 2Ph3P 100 0 80 89
34 CH3MgNPh2

\
Et20 2Ph3P 88 12 108 108

35 C H .M g l /  ^  

/

CH3MgBr

Et20 2Ph3P 100 0 82 83

36 Ph20 79 21 106 106
37 CH3MgCH3 Ph20 89 11 92 92
38 CH3M gN-i-Pr2 Ph20 100 0 99 99
39 CH3MgNPh2

\
Ph20 79 21 80 80

40 ('H ^ O
/

CH3MgBr

Ph20 100 0 95 103

41 P h ,0 2Ph,P 90 10 104 104
42 CH3MgCH3 Ph20 2Ph3P 80 20 104 104
43 CH3M gN-i-Pr2 Ph20 2Ph3P 100 0 91 91
44 CH3MgNPh2

\
Ph20 2Ph3P 100 0 28 100

45 C H M . 0 Ph20 2Ph3P 100 0 89 96
/

“The molar ratio of reagent to ketone was 2.0:1.0. Reactions were performed at room temperature. ^Yields were determined by GLC 
using an internal standard. “The mass balance includes the yield of alcohols and recovered ketone.

Table IV. Reactions of 4-ieri-Butylcyclohexanone with Méthylmagnésium Aryloxides a

expt reagent solvent additive
relative yield,d

axial OH equatorial OH
yield of 

alcohols, %
mass

balance,e %

46 A b Et20 56 44 15 68
47 B° Et20 87 13 33 74
48 A Et20 2Ph3P 57 43 14 67
49 B Et20 2Ph3P 77 23 39 73
50 A Ph20 0 0 0 0
51 B Ph20 0 0 0 39
52 A Ph20 2Ph3P 0 0 0 0
53 B Ph20 2Ph3P 0 0 0 77

0 The molar ratio of reagent to ketone was 1.0:1.0. Reactions were performed at room temperature. 6 Reagent A is CH3MgO-2,6- 
t-Bu2-4-MeC6H2; analysis is provided in Table I. c Reagent B is CH3MgO-2,6-i-Pr2C6H3; analysis is provided in Table II. d Yields 
were determined by GLC using an internal standard. 0 The mass balance includes the yield of alcohols and recovered ketone.

used in these studies were prepared conveniently and quan
titatively by the reaction of dimethylmagnesium with an equal 
molar amount o f  the corresponding phenol at room  tem per
ature (eq 2, where R = ¿-Pr and t-B u). Preparation and ana
lytical data are summarized in Table I.

R

CH.iMgCH, + HO—/ ( j )

R

■ CH.iMgO +  CHj (2)

The CH 3M gO R com pounds prepared from  eq 2 were al
lowed to react with the two representative ketones, 4 -tert- 
butylcyclohexanone (I) and 2 ,2 ,6 ,6 -tetram ethyl-4-ierf -

butylcyclohexanone (II). The results o f these reactions are 
summarized in Tables IV and V.

The effect o f replacing X  in the general formula CH 3M gX  
with the bulkier aryloxy group (OPh) was studied. In the case 
o f ketone I, it was found that, reagent A (C H 3M gO -2,6-t- 
Bu2-4-M eC6H 2) gave similar results to the methyl Grignard 
and reagent B (C H 3M gO-2,6-i'-Pr2C6H 3) gave a modest in 
crease in the amount o f equatorial attack (expt 46 and 47). For 
both reagents the addition o f triphenylphosphine to the re
agent in a 2:1 ratio produced little change in the results. P re
viously, the addition o f triphenylphosphine to dialkylami- 
no(methyl)magnesium com pounds led to a substantial in 
crease in the amount o f equatorial attack, presumably because 
the steric bulk of the reagent was increased by com plexation 
o f the magnesium by Ph3P (expt 48 and 49). Changing solvent
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Table V. Reactions of 2,2,6,6-Tetramethyl-4-tert-butylcyclohexanone with Méthylmagnésium Alkoxides “

expt reagent solvent additive
relative yield,d % 

axial OH equatorial OH
yield of 

alcohols, %
mass

balance,e %

54 A6 Et2Û 94 6 95 95
55 Bc Et20 100 0 89 96
56 A Et20 2Ph3P 89 11 107 107
57 B Et20 2Ph3P 100 0 99 99
58 A Ph20 100 0 89 111
59 B Ph20 100 0 71 89
60 A Ph20 2Ph3P 100 0 32 91
61 B PhoO 2Ph3P 100 0 19 72

a The molar ratio of reagent to ketone was 2.0:1.0. Reactions were performed at room temperature. 6 Same as footnote b in Table
IV .c Same as footnote c in Table IV. d Yields were determined by GLC using an internal standard. e The mass balance includes the 
yield of alcohols and recovered ketone.

from diethyl ether to diphenyl ether (expt 50 and 51) resulted 
in the loss of all alcohol products, unlike the advantageous 
effect found with the CH3MgNR2 compounds. Enolization, 
followed by Aldol condensation reactions, was responsible for 
the low yields and low mass balances.

The problem of enolization was removed by employing a 
nonenolizable substrate, ketone II. Excellent stereochemical 
results (100% axial alcohol) were obtained for reagent B in 
diethyl ether even without added triphenylphosphine (expt 
55). Changing solvents from diethyl ether to diphenyl ether 
gave an increase in equatorial attack for reagent A (from 94 
to 100% axial alcohol), and so both reagents A and B give 100% 
equatorial attack in Ph20. As in the case of alkylation with 
CH3MgNR2 compounds, the addition of Ph3P (expt 60 and 
61) to ketones I and II in Ph20  has a detrimental effect on the 
yield.

It is evident from the data that the stereoselectivity of di- 
alkylamino- and aryloxy(methyl)magnesium compounds as 
alkylating agents depends on several factors. However, the 
steric requirement of the reagent seems to be the most im
portant factor. Of course, the effectiveness of a reagent can 
be increased if the ketone contains a group close enough to the 
carbonyl group to supply some steric hindrance at the car
bonyl site. Presumably, for steric reasons the choice of solvent 
also has an influence. Diphenyl ether is a more effective sol
vent than diethyl ether, perhaps because the association of 
the reagent changes, being more associated in diphenyl ether 
than in diethyl ether. If indeed the degree of association of the 
reagent is nearly the same in both solvents or if only the 
monomer reacts regardless of the concentration of associated 
species, Ph20  solvated to the magnesium compounds would 
be expected to provide significantly greater steric hindrance

than the reagent solvated to diethyl ether if the degree of 
solvation is the same. Past experience would indicate that it 
is the monomer that is reacting, and these results indicate that 
the degree of solvation of the magnesium compounds with 
Ph20  and Et20  is approximately the same.

The ease of preparation of these alkylating reagents in ad
dition to the excellent stereochemistry observed indicates that 
these dialkylamino- and aryloxy(methyl)magnesium reagents 
may have considerable potential as stereoselective alkylating 
agents, especially for nonenolizable substrates.
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Cyclometalated complexes, di-M-chloro-bis[2-(phenylazo)phenyl]dipalladium (2), di-u-chloro-bis[2-(A,,./V-di- 
methylaminomethyl)phenyl]dipalladium (3), and di-/u-chloro-bis[2-(lV-phenylformimidolyl)phenyl]dipalladium
(4), can undergo coupling reactions with either organolithium compounds or Grignard reagents in the presence of 
triphenylphosphine, giving the corresponding ortho-substituted aromatic compounds highly efficiently. 2-Substi- 
tuted complexes of 4 (11-13) were prepared from the corresponding 2-substituted benzaldehyde in over 94% yield. 
Similar méthylation reactions of 11-13, followed by hydrolysis, gave 2,6-disubstituted benzaldehydes 15, 21, and 
22 in high yields. Secondary alkyllithium compounds undergo the cross-coupling reaction accompanied by alkyl 
group isomerization from secondary to primary. The products are assumed to be formed via a nucleophilic attack 
of the carbon nucleophile on the phosphine-coordinated palladium monomer of 1, giving arylalkylpalladium inter
mediates, which form products by reductive coupling.

Numerous compounds containing a transition metal a 
bonded to an aromatic ring derived by cyclometalation have 
been reported in recent years. These compounds encompass 
a variety of transition metals and also different types of sub
stitution on the benzene ring.1“4 Structural studies of the 
complexes have received widespread attention.1-5 On the 
other hand, few studies have been carried out aiming at using 
these complexes for organic synthesis. Ortho deuteriation can 
be performed by reductive cleavage of metalated compounds 
with LÌAID46 or the specific ortho hydrogen/deuterium ex
change on treatment of complexes such as RhCl[P(OPh:!)]3 
or RuHCl(PPh3)3 with D2.4’7 The ortho positions of azoben
zene are chlorinated upon reaction with chlorine in the pres
ence of catalytic quantities of PdCl2.8 Carbonylation9-12 or 
reaction with isocyanides13 of ortho palladation products from 
a-arylnitrogen derivatives and palladium salts provides a 
convenient process for synthesis of various heterocyclic 
compounds. Cyclopalladation complexes react with a ole
fins,14 acrylic esters,15 and vinyl ketones16 to give ortho-sub
stituted arylalkenes. Further, a method for the regiospecific 
attachment of carbon nucleophiles to the (1 carbon of allylic 
sulfides and amines using palladium complexes recently has 
been developed.17

In this paper we describe reactions of cyclometalation 
products (1) of azobenzene,6 tertiary benzylic amines,18,19 and

Schiff bases20,21 with either organolithium compounds or 
Grignard reagents, which provide a convenient method for 
synthesis of ortho-substituted aromatic compounds and give 
important mechanistic insight into the carbon-carbon bond 
formation via palladium complexes.22

Results and Discussion
The Reaction of the Complex 1 with Alkyllithium 

Compounds or Grignard Reagents. The reactions of cy- 
clometallation products 1, such as di-p-chloro-bis[2-(pheny- 
lazo)phenyl]dipalladium (2), di-p-chloro-bis[2-(AT,]V-di- 
methylaminomethyl)phenyl]dipalladium (3), and di-/u- 
chloro-bis[2-(A1-phenylformimidolyl)phenyl]dipalladium (4), 
with alkyllithium compounds were carried out in ether at 0-5

°C under heterogeneous conditions. Treatment of 2 with 
methyllithium produced 2-methylazobenzene (5b) and azo
benzene (5a) in 55 and 45% yields, respectively. The similar 
reaction of 2 with phenyllithium gave 5c (42%) and 5a (58%).

5a, R = H
b, R = CH3
c , R = C„H 5
d, R = C4H9

7a, R = H
b, R = CH3
c, R = i-C„H9
d, R = C6H5
e, R = C4H,

6a, R = H
b, R = CH3
c, R = C H = C H 2
d, R = C2H5
e, R = C„H„

8a, R = f-C„H9
b, R = C6H5
c, R = C4H9

0022-3263/78/1943-4099$01.00/0 © 1978 American Chemical Society
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Table I. Reaction of the Complexes 2-4 with Alkyllithium 
Compounds and Grignard Reagents0__________

product yield,b %

complexes RLi or RMgBr

ortho-
substituted

products
reductive
products

addition
products

2 CHgLi 5b (55) 5a (44)
2 C6H5Li 5c (42) 5a (58)
2 n-CiiHqLi 5d (5) 5a (89)
3 CH,Li 6b (49) 6a (47)
3 CH2=C H M gB r 6c (44) 6a (31)c
3 C2H5MgBr 6d (2) 6a (80)
3 n -C4H9LÌ 6e (5) 6a (80)
4 CH3L1 7b (76) 7a (21)
4 Ì-C4H9LÌ 7c (28) 7a (34) 8a (14)
4 C6H5Li 7d (22) 8b (48)
4 C6H5MgBr 7d (28) 8b (28)
4 n -C ^ gL i 7e (1) 8c (64)

° Palladium complex (5.5 mmol) was reacted with organolith- 
ium compounds (13 mmol) in ether at room temperature for 3-4 
h. b VPC yield using internal standard. 0 Additional product was 
6d (13%).

Table III. Effect of Ligands for the Reaction of 2 with 
________ Methyllithium0__________________

______product yield, %______
ligand (L)____________ compd 5b________ compd 5a

none 55 45
PPh3 91 0
P(OPh)3 2 0
P(n-Bu)3 56 11
(Ph2PCH2)2 18 0

a T o the suspension of 2 (0.5 mmol) and PPh3 (2.0 mmol) in 
benzene was added an ethereal solution of methyllithium (1.0 
mmol).

The structures of the products were established either by 
comparison of spectral data with those of authentic samples 
or by elemental analyses and spectral data as summarized in 
Table II (see supplementary material). The ortho-substituted 
products 5b or 5c and reductive product 5a were each ob
tained in approximately 50% yield. On the contrary, 5a was 
obtained almost exclusively (89%) along with a small amount 
of 5d (5%) upon treatment with rc-butyllithium.

Similar reactions of complexes 3 and 4 with alkyllithium 
compounds also gave the corresponding 1-alkyl-substituted 
benzylamines (6) and Schiff bases (7), respectively, as shown 
in Table I. o-(tert-Butyl)benzaldehyde was prepared upon 
treatment of 4 with £er£-butyllithium followed by acid hy
drolysis in 25% yield. The previous method for synthesis of this 
aldehyde required six steps, and the yield was poor.23 The 
ortho alkylation products of 4 are sometimes contaminated 
with N-(a-substituted)benzylaniline (8), derived from the 
addition of alkyllithium compounds into the carbon-nitrogen 
double bond of the Schiff bases. Grignard reagents also react 
with these complexes. Thus, treatment of 3 with vinylmag- 
nesium bromide gave 6a (31%), 6c (31%), and 6d (13%).

The reaction of complex 4 with alkyllithiums can be envi
sioned to occur by Scheme I. The first step would be nucleo
philic substitution of the chloride group by the alkyllithium, 
giving intermediate 9 accompanied by splitting of the bridge 
structure to liberate 7a.24 Subsequent reductive coupling of 
9 would produce 7. The predominant formation of 7a upon 
treatment with n-butyllithium is consistent with this scheme. 
Butylpalladium complex 9 (R = C4H9) undergoes facile $ 
elimination of a palladium hydride species26 to give the hy
dride complex 10, which is the precursor of 7a.

Scheme I
GII-,

C„H

4

RLi

C.H C„H,

7 10

The Reaction of Complex 1 with Organolithium 
Compounds or Grignard Reagents in the Presence of 
Triphenylphosphine. In view of selective syntheses of 
ortho-substituted 5 from 2, the loss of the one part of azo
benzene upon treatment with alkyllithium must be avoided. 
Should the reaction proceed as depicted in Scheme I, the 
preliminary splitting of 2 into two phosphine-coordinated 
monomer complexes21'27 is necessary.

For this reason, chloro[2-(phenylazo)phenyl]bis(triphen- 
ylphosphine)palladium (23) was prepared by treatment of 2 
with excess triphenylphosphine in methanol (86% yield). The 
methylation reaction of 23 with methyllithium in benzene/ 
ether gave 5b in 98% yield. Moreover, the reaction of 2 with 
methyllithium in the presence of 4 molar equiv of triphenyl
phosphine gave 5b in 91% yield, indicating that the isolation 
of 23 is unnecessary. A similar reaction of 3 with methyllith
ium in the presence of 4 equiv of triphenylphosphine afforded 
2-methyl-IV,iV-dimethylbenzylamine in 99% yield. Further, 
the reaction of 4 with methyllithium followed by acid hy
drolysis gave o-methylbenzaldehyde (14) in 95% yield. A study 
of the ligand effect on the reaction of 2 with methyllithium 
showed that triphenylphosphine gave the best result among 
the ligands examined, as shown in Table III.

If the reaction is performed twice on the cyclometallation 
products, 2,6-dialkyl-substituted aromatic compounds, which 
are difficultly accessible, can be prepared readily. In antici
pation of this double treatment, Schiff base-palladium 
complexes of ortho-substituted benzaldehydes, 11-13, were
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Table IV. Reaction of Palladium Complexes of Schiff 
Bases with Organolithium Compounds or Grignard 
Reagents in the Presence of Triphenylphosphine“

complexes6
RLi

(RMgX)
ratio of 

PPh3/Pd products0
yield,d

%

2 CH3Li 4 5b 91
3 CH3Li 4 6b 99
4 CH3Li 2 14 90
4 CH3Li 4 14 95

11 CH3Li 4 15 86
11 CH3M gX° 4 15 70
11 C3H7LÌ 4 19 90
11 C4H9LÌ 4 16 75
11 C6H5Li 4 17 60
12 CH3Li 4 21 85
13 CHgLi 4 22 60

0 A mixture of palladium complex (0.5 mmol) and PPh3 (2.0 
mmol) was used with organolithium compounds (1.0 mmol) in 
ether at room temperature. b Complexes can be prepared in over 
95% yield. c Obtained by acid hydrolysis. d Based upon the pal
ladium complexes of Schiff bases. f A4 molar equiv amount of 
CH3MgX was reacted.

synthesized since the expected products, 2,6-disubstituted 
benzaldehydes, are difficultly accessible, useful compounds. 
The reaction of Schiff bases, derived from the corresponding 
aldehydes and aniline quantitatively, with equimolar quan
tities of palladium acetate in acetic acid at reflux followed by 
treatment with sodium chloride gave the expected palladium 
complexes in 95-96% yields. The methylation of di-^- 
chloro-bis[o-(./V-phenylformimidoyl)-2-methylphenyl]di- 
palladium (11) with methyllithium in the presence of 4 molar 
equiv of triphenylphosphine followed by hydrolysis gave
2,6-dimethylbenzaldehyde (15)28 in 86% yield. The yield of 
15 is dependent upon the added ligand in the order of P(n- 
C4H9)3 (3%) < none (12%) < P(OC6H5)3 (26%) < 
(C6H5)2PCH2CH2P(C6H5)2 (75%) < P(C6H5)3 (86%), indi-

C„H,
4, X  = H (yellow )

11, X  = CH3 (yellow )
12, X  = OCH3 (yellow )
13, X = Cl (green)

( 1 )  P P h 3
(2 )  R L i /e th e r  

Cl (3) H3Q*

N
1

CHO

( H 14, X  == H; R = c h 3
15, X  == CH3; R = c h 3
16, X  == CH3; R = c 4h 9
17, X  == CH3 ; R = c 6h 5
18, X  == CH3; R = CH(CH3)2
19, X  == CH3; R = c 3h 7
20, X  == CH3; R = CH(CH3)CH2CH3
21, X == OCH 3 » R = CH3
22 , X  == Cl; R c h 3

Table V. Ligand Effect of Triphenylphosphine in the 
Reaction of Palladium Complex 11 with n-Propyllithium 

or fl-Butyllithium

relative ratio
alkyllithium ofPPh3/Pd products,0 (yield, %)

ra-C3H7Li 0 19 (10), 14 (73)
2 19 (37), 14 (45)
4 19 (90), 14 (9)
8 19 (68), 14 (1)

n-C4H9Li 0 16 (5), 14 (91)
4 16 (75), 14 (4)

° Products were analyzed after acid hydrolysis.

eating that triphenylphosphine is best. Other examples of the 
synthesis of 2,6-disubstituted benzaldehydes are summarized 
in Table IV. The structural assignment of these products was 
established by mass, IR, and NMR spectral data as shown in 
Table II. Unexpectedly, 2,6-disubstituted benzaldehydes
16-22 are unknown compounds, indicating the difficulty of 
their synthesis.29 Grignard reagents are also applicable to this 
reaction; however, in this case the presence of 4 molar equiv 
of triphenylphosphine and the Grignard reagents is required 
because of the lower nucleophilicity of Grignard reagents in 
comparison with alkyllithiums. Actually, the yield of 15 from 
11 decreased to 70% when methylmagnesium bromide was 
used instead of methyllithium. Acetate ligands can be replaced 
as well as chloride ligand. Thus, the reaction of di-p-acetato- 
bis[2-()V-phenylimidoyl)-6-methylphenyl]dipalladium with 
methyllithium in the presence of PPh3 followed by hydrolysis 
afforded 15 in 90% yield.

Selective ortho alkylation of 11 can be depicted as shown 
in Scheme II. Dimeric palladium complex 11 can be converted 
into 2 mol of the phosphine-coordinated palladium complex 
24 upon treatment with 4 equiv of PPh3. The reaction with 
alkyllithium would lead to the o--alkylarylpalladium complex 
26 by nucleophilic substitution with the carbon nucleophile 
at the palladium of 24. Actually, Parshall has isolated 
FC6H4PdR(PEt3)2, in which there are two C-bonded ligands, 
by the reaction of phenyl or methyl Grignard reagents with 
FC6H5PdBr(PEt3)2.30 An alternative process leading to 
complex 26 may be substitution via palladium ate complex
25.31,32 Facile reductive coupling30,33’34 of 26 would lead to 28, 
which is the precursor of 14.

In the case of the reaction of alkyllithiums bearing d hy
drogens, the ¡3 elimination of 26 accompanied by loss of an 
alkene would lead to palladium hydrido complex 27, which 
would readily undergo reductive coupling to give 29. Indeed, 
when butyllithium was reacted with complex 11 in the pres
ence of 4 equiv of triphenylphosphine, the desired 2-methyl-
6-butylbenzaldehyde (16) was obtained in 75% yield along 
with the reductive coupling product, 2-methylbenzaldehyde 
(14; 9%). In the absence of PPh3, however, 16 and 14 were 
obtained in 10 and 90% yields, respectively. The addition of 
PPh3 retards the ff elimination of the palladium hydride 
species in 26 drastically. The best yield of 19, for example, was 
obtained when the relative ratio of triphenylphosphine to 
palladium was 4, as indicated in Table V. This is presumably 
due to an increase of stability of the (r-alkylpalladium inter
mediate 26 by coordination with PPh3.35 It is well known that 
phosphine ligand facilitates the ir-a conversion of 7r-allyl- 
palladium chloride complexes.36

Secondary alkyllithium compounds also undergo the 
cross-coupling reaction, accompanied by alkyl group isom
erization from secondary to primary.37 The reaction of l l  with 
isopropyllithium in the presence of 2 molar triphenylphos
phine followed by hydrolysis gave 2-methyl-6-isopropylben- 
zaldehyde (18; 6%), 2-methyl-6-propylbenzaldehyde (19; 5%), 
and 2-methylbenzaldehyde (14; 85%). Likewise, the reaction
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of 11 with 1-methylpropyllithium afforded 2-methyl-6-(l- 
methylpropyl)benzaldehyde (20; 10%), 2-methyl-6-butyl- 
benzaldehyde (16; 6%), and 14 (70%). The yields of alkylation 
products 16 and 18-20 depend upon the amount of phosphine 
ligand present. Reactions of primary alkyllithium compounds 
(Table V) are more strongly influenced than those of secon
dary alkyllithiums (Table VI). It is noteworthy that biden- 
tated l ,2-bis(diphenylphosphino)ethane gave a relatively good 
result.

The initially formed complex 32, bearing the Pd- 
CH(CH3)R bond, undergoes reductive coupling to give 30 
(Scheme III). The rapid isomerization from secondary to 
primary alkylpalladium (34) proceeds via a hydride-olefin 
intermediate (33), a precursor of 14 as shown in Scheme IV. 
For the formation of 14 from 11, an alternative process in
volving protonolysis30 or homolytic cleavage of the Pd-C 
bond,38 leading to a phenyl radical which abstracts hydrogen, 
was excluded by the following results. Although protonolysis 
of 11 with DC139 in benzene/D20  gave 2-deuterio-6-methyl- 
benzaldehyde, an NMR study showed that the H2 proton of 
14, obtained from the reaction of 11 with isopropyllithium in 
the presence of PPh3 followed by quenching with DC1, con
tained 0.10 d, indicating that only 10% of 14 was formed by 
protonolysis. The pyrolysis of 11 in benzene-d6 gave 14, whose 
H2 proton contained only 0.04 d.

The reaction of 11 with propyllithium in the presence of 
PPh3 gave 19 and 14 in 37 and 45% yields, respectively; how
ever, none of the isomerized product 18 could be detected 
among the products. This may be due to the release of steric

Table VI. Reaction of Palladium Complex 11 with sec- 
Alkyllithiumsa___________________

R(CH3)-
CHLi, ligand 

R (L)

relative
ratio
L/Pd

product,5 
(yield, %)c

CH3 none 18(0), 19(0), 14(96)
CH3 PPh3 1 18 (5), 19 (6), 14 (68)
CH3 PPh3 2 18(6), 19(5), 14(85)
CH3 PPh3 4 18 (15), 19 (8), 14 (14)
CH3 PPh3 8 18 (24), 19 (7), 14 (20)
CH3 PPh3 16 18(30), 19(8), 14(5)
CH3 PBu3 1 18(4), 19(2), 14(90)
CH3 PBu3 2 18 (7), 19(4), 14 (59)
CH3 PBu3 4 18(11), 19(4), 14(22)
CH3 Ph2CH9CHoPPh2 2 18(18), 19(8), 14(15)
CH3 P(OPh)3 2 18 (9), 19 (8), 14 (80)
CH2CH3 none 20 (1), 16 (0), 14 (65)
CH2CH3 PPh3 2 20 (10), 16 (6), 14 (70)

0 sec -Alkyllithiums were added to an equimolar amount of 
complex 11 in the presence of a ligand in benzene/hexane at room 
temperature. b Obtained by acid hydrolysis. c VPC yield.

strain between the branched alkyl chain and the phenyl rings 
of the triphenylphosphine ligands rather than an electronic 
effect. An increase in the electron density on palladium owing 
to the electron-donating ligand seems not to facilitate the <j- tt 
conversion.35’36 The extent of the isomerization in the reaction 
of 11 with isopropyllithium was independent of the ligands 
used as seen from the results shown in Table VI. The present

Scheme II

27 29
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Scheme III

C.H

11

work is the first example of isomerism in palladium alkyls 
which are in thermal equilibrium. Generally, [1 elimination of 
palladium hydride species from alkylpalladium compounds 
proceeds readily to give alkenes.26 Similar alkyl group isom- 
erizations have been reported in alkyliridium,40 -nickel,41’42 
-gold,43 and -titanium44 complexes. It is noteworthy that the 
isomerization of secondary alkylnickel complexes to primary 
alkyls is strongly dependent upon the electronic nature of the 
phosphine ligand.41

To determine the effect of a carbon ligand toward the 
cross-coupling reaction, cis-bis[2-(Af,Af-dimethylami- 
nomethyl)phenyl]palladium (35) was prepared by the reaction 
of 3 with o-lithio-IV,IV-dimethylbenzylamine in 33% yield. 
This complex is identical with the cis complex previously 
formed from bis(dimethyl sulfide)palladium dichloride and 
2 mol of o-lithio-iV,jV-dimethylamine.45 The méthylation of 
35 with methyllithium gave 6b in only 8% yield along with 6a 
(90%). The addition of PPh3 increases the yield of 6b by the 
coordination of phosphine to palladium rather than the che
lating of nitrogen of 35, which stabilizes the ArPdCfTjL,, in
termediate. Thus, in the presence of 2 mol of PPh3, the same 
reaction gave 6b in 35% yield in addition to 6a (60%). In

35
comparison with the méthylation of 3, where 6b was obtained 
in 49 or 99% yield, in the absence or presence of PPh3, re
spectively, the yield of the méthylation products of 35 is rather 
low. This may be attributed to the replacement of the methyl 
moiety of methyllithium with one of the aryl groups of 35 via 
an unstable palladium ate complex, yielding o-\ithio-N,N- 
dimethylbenzylamine32 or 2-((V,./V-dimethylmethyl)phenyl 
radical,46 both of which are precursors of 6a if the reaction 
proceeds by Scheme II. Arylpalladium complexes generally 
have about the same stability as the methyl analogues.35’38 

The reaction involves intermediacy of arylalkylpalladium 
species formed by nucleophilic attack of a carbon nucleophile 
on palladium in the arylpalladium complex. In support of this 
mechanism, alkyl isomerization from secondary to primary 
occurs under the reaction conditions. Furthermore, this al
kylation proceeds only in the case of the harder carbon 
nucleophiles, such as alkyllithium or Grignard reagents, but 
not in the case of softer carbanions, which have been shown 
to attack carbon directly on the face of the olefin47 and Tr-allyl 
units48 opposite to that of palladium. Actually, arylpalladium 
species derived from oxidative addition30’49 of aryl halides to 
zerovalent palladium complexes react with alkyllithium 
compounds, producing the corresponding coupling products, 
although for simple alkylations the nickel-catalyzed cross 
coupling with Grignard reagents50’51 seems more practical. 
Treatment of a-bromonaphthalene with 1 equiv of tetrakis- 
(triphenylphosphine)palladium in benzene at reflux followed

Scheme IV

30 14 31
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by addition of methyllithium gave »-methylnaphthalene in 
90% yield. Similarly, 0-bromonaphthalene was converted into 
(3-methylnaphthalene in 88% yield.

Finally, for comparison with the o-aryl metalocyclic pal
ladium complexes, u-vinyl metalocyclic palladium complexes 
were subjected to the alkylation reaction, aiming at the ste
reoselective synthesis of allylamines. However, preliminary 
results with the methylation of di-/x-chloro-bis(2-chloro-3- 
^iV-dimethylamino-l-phenylpropenyDdipalladium (36)52 
showed that it proceeded nonstereoselectively. Thus, treat
ment of 36 with 4 equiv of methyllithium gave N,N-di- 
methyl-cis-a,d-cinnamylamine (a s -37), the trans isomer 
{trans-37), and 3-(iV,iV-dimethylamino)-3-methylbut-l-yne 
in a relative ratio of 81:11:8, indicating that complicated 
processes are involved.

Cl G«!-!» CH, CH,

\ = <  ) / C = C \  
c h /  \ d X  ‘ ^  C H ./ C,,H,

x  \  /  \
CH, CH, CH, CH,

36 37
In summary, the reaction of ortho palladation products with 

organolithium compounds in the presence of triphenylphos- 
phine provides direct access to 2- and 2,6-substituted azo
benzenes, /V,/V-(dimethylaminomethyl)benzenes, and benz- 
aldehydes, which are difficultly accessible. In most instances, 
these new methods are a marked improvement over existing 
methods53 and should find application in the synthesis of 
complex molecules.

Experimental Section
All melting points are uncorrected. IR spectra were recorded on a 

Hitachi 215 spectrometer. The NMR spectra were obtained on a 
JNM-4H spectrometer, and chemical shifts are reported in 6 values 
downfield from the internal standard tetramethylsilane. Mass spectra 
were taken on a Hitachi RSM-4 mass spectrometer. Vapor-phase 
chromatography was carried out with a Jeol-20K by using a im  an
alytical column packed with Carbowax 20M on Chromosorb or a 1 m 
column packed with Apieason L.

Di-M-chloro-bis[2-(phenylazo)pheny]]dipalladium (2). This 
material was prepared by the method of Cope.5

Di-ji-ehloro-bis[2-( JV,N-dimethylaminomethyl)phenyl]di- 
palladium (3). The preparation of this compound has also been de
scribed by Cope.6

Di-M-chloro-bis[2-(jV-phenylformimidoyl)phenyl]dipalladium
(4). This complex was prepared by the procedure of Onoue and Mo-
ritani.20

Reactions of Complex 2 with Organolithium Compounds. The
following procedures are typical of those used to obtain the data in 
Table I.

(a) To a suspension of 2 (3.5 g, 5.5 mmol) in ether (30 mL) was 
added a solution of methyllithium (16.5 mmol) in ether (100 mL) with 
stirring. After continuous stirring for 4 h, the precipitated palladium 
black was filtered and the ether solution was treated with water and 
dried over MgSCD Distillation [bp 110-113 °C (1.5 mmHg)] gave red 
crystalline material (1.95 g) which was shown to contain azobenzene 
15a; 44%) and 2-methvlazobenzene (5b; 55%) by VPC analysis.

(b) Complex 2 (3.5 g, 5.5 mmol) was reacted with phenyllithium 
(13.5 mmol) in ether (50 mL). The products were subjected to chro
matography on alumina. Elution with a mixture of petroleum ether/ 
benzene gave biphenyl (0.6 g, 42 mmol), azobenzene (1.1 g, 58%), and 
2-phenylazobenzene (5c; 1.2 g, 42%).

(c) To a suspension of 3 (3.0 g, 5.4 mmol) in ether was added a so
lution of vinylmagnesium bromide (16.0 mmol) in THE (15 mL) with 
stirring. After additional stirring for 1 h, the reaction mixture was 
heated at reflux for 30 min. Palladium black was filtered and washed 
with ether. The filtrate was extracted with ether. The ether extract 
was washed with water and dried over MgSCD Removal of the solvent 
followed by distillation gave 1.29 g of an oil [bp 80-100 °C (67 mmHg)] 
which contained 6a (43%),25 6b (13%), and 6c (31%).

(d) To a suspension of 4 (3.3 g, 5.1 mmol) in ether (50 mL) was 
added a solution of phenyllithium (10.8 mmol) in ether (30 mL) with 
stirring. After additional stirring for 5 h, the reaction mixture was

treated similarly as described in c. Distillation [140-165 °C (2 mmHg)] 
gave the products (2.28 g). Preparative VPC gave 7d (22%) and N- 
phenyl-o-phenylbenzylamine (8d; 48%): mass spectrum, m/e 250 
(M+); IR v (N-H) 3400 cm -'.

Chloro[2-(phenylazo)phenyl]bis(triphenylphosphine)palla- 
dium (23). A suspension of di-M-chloro-bis[2-(phenylazo)phenyl[- 
dipalladium (2) (0.64 g, 1 mmol) and triphenylphosphine (1.05 g, 4 
mmol) in methanol (20 mL) was stirred for 8 h. Filtration followed 
by washing with a small amount of methanol gave 0.64 g of 23 (86%), 
mp 176-178 °C dec. Anal. Calcd for C48H3gN2ClP2Pd: C, 68.02; H, 
4.61; N, 3.39; Cl, 4.19. Found: C, 68.67; H, 4.46; N, 3.33; Cl, 4.43.

Reaction of Complex 23 with Methyllithium. To a suspension 
of 23 (0.74 g, 1.0 mmol) in dry benzene (14 mL) was added methylli
thium (0.8 mL, 1.0 mmol) in ether under nitrogen. After additional 
stirring for 1 h, water was added. The ethereal extract was dried over 
MgS04 and subjected to VPC analysis (Carbowax 20M) using 
naphthalene as an internal standard, which showed that 2-methyla- 
zobenzene64 was obtained in 98% yield.

Reaction of Di-y-ch)oro-bis[2-(phenylazo)phenyl)dipalladium
(2) with Methyllithium in the Presence of a Phosphine Ligand. 
A mixture of 2 (0.32 g, 0.5 mmol) and PPI13 (0.52 g, 2.0 mmol) in 
benzene (15 mL) was stirred under nitrogen for 30 min at room tem
perature. To the resulting suspension was added an ethereal solution 
of methyllithium (0.8 mL, 1.0 mmol) with stirring, and the mixture 
was stirred for 1 h. The reaction mixture was poured into water and 
filtered off. The ethereal extract of the filtrate was washed with water 
and dried over MgSCD Filtration followed by evaporation gave 2- 
methylazobenzene (5b). The yield was determined to be 91% by VPC 
analysis (Carbowax 20M) using naphthalene as an internal standard. 
A similar reaction in the presence of other ligands was carried out, and 
the results are summarized in Table III.

Reaction of Di-ji-chloro-bis[2-(JV,]V-dimethylaminometh- 
yl)phenyl)dipalladium (3) with Methyllithium in the Presence 
of Triphenylphosphine. A mixture of 3 (0.28 g, 0.5 mmol) and PPh2 
(0.52 g, 2.0 mmol) in benzene (15 mL) was stirred under nitrogen at 
room temperature for 30 min. A solution of methyllithium in ether 
(1.0 mmol, 0.8 mL) was added, and the mixture was stirred for 1 h at 
room temperature. The reaction mixture was poured into water and 
filtered. The ethereal extract was washed with water and dried over 
MgS04. Evaporation of the solvent gave 2-methyl-iV,Ar-dimethyl- 
benzylamine. The yield was determined to be 99% by VPC analysis: 
mass spectrum, m/e 149; NMR (CCD f> 2.20 (s, 6 H), 2.33 (s, 3 H), 3.33 
(s,2H ),7.04 (m, 4 H).

Reaction of Di-4i-chloro-bis[2-(A^-phenylformimidoyl)phe- 
nyljdipalladium (4) with Methyllithium in the Presence of 
Triphenylphosphine. A mixture of 4 (0.33 g, 0.50 mmol) and PPh;, 
(0.52 g, 20 mmol) in benzene was stirred under nitrogen at room 
temperature for 30 min. To the resulting suspension was added 
ethereal methyllithium (1.0 mmol, 1 mL). After additional stirring 
for 1 h, water (20 mL) was added with stirring. The mixture was fil
tered off. The ethereal extract was washed with water, dried over 
MgS04, and distilled. VPC analysis showed that the yield of N -(2- 
methylbenzylidene)aniline was 95%: mass spectrum, m/e 195; NMR 
(CDCI3) 6 2.52 (s, 3 H), 6.92-7.50 (m, 9 H), 8.65 (s, 1 H).

Di-n-chloro-bis[2-( jV-phenylimidoyl)-3-methylphenyl]di- 
palladium (11). A mixture of lV-(2-methylbenzylidene)aniline (1.95 
g, 10 mmol) and palladium acetate (2.24 g, 10 mmol) in acetic acid (50 
mL) was heated at reflux for 1 h with stirring. The color of the reaction 
mixture changed from brown to green-yellow. After cooling to room 
temperature, addition of water followed by filtration gave di-jx-ace- 
tato-bis[2-(iV-phenylimidoyl)-6-methylphenyl]dipalladium quan
titatively: mp 220-224 °C dec; IR (Nujol mull) 1600, 1582 (C =N ), 
1568,1418,790,766,759,720 c m '1; NMR (CDCI3) h 1.73 (s, 3 H), 2.37 
(s, 3 H), 6.53-7.43 (m, 4 H), 7.88 (s, 1 H). Anal. Calcd for 
C32H3oN20 4Pd2: C, 53.43; H, 4.20; N, 3.89. Found: C, 53.25; H, 4.21; 
N, 3.75.

The complex was dissolved in methylene chloride (20 mL), and the 
solution was vigorously shaked with a saturated sodium chloride so
lution in a mixture of water (30 mL) and acetone (20 mL). Filtration 
of the precipitated green-yellow crystalline compound and washing 
with ethanol, benzene, and methylene chloride gave 11 (3.41 g) in 95% 
yield: mp 260-270 °C dec; IR (Nujol mull) 1570 cm-1 (C=N ). Anal. 
Calcd for C28H24Cl2N2Pd2: C, 50.00; H, 3.57; N, 4.17. Found: C, 50.36; 
H, 3.34; N, 4.11.

Di-p-chloro-bis[2-(jV-phenylimidoyl)-3-methoxyphenyl]di- 
palladium (12). This complex (yellow) was prepared from N -(2- 
methoxybenzy!idene)aniline in 94% yield as described in the synthesis 
of 11: mp 230-235 °C dec; IR (Nujol mull) 1580 cm-1 (C=N ). Anal. 
Calcd for C28H24Cl2N20 2Pd2: C, 47.70; H, 3.44; N, 3.98. Found: C, 
47.94; H, 3.48; N, 3.79.
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Di-p-chloro-bis[2-(lV-phenylimidoyl)-3-chlorophenyI]di- 
palladium (13). This green complex was prepared from /V-(2-chlo- 
robenzylidenelaniline in 96% yield as described in the synthesis of 11: 
mp 278-280 °C dec; IR (Nujol mull) 1580 cm“ 1 (C=N ). Anal. Calcd 
for: C2RH18Cl4N2Pd2: C. 43.80; H. 2.54; N, 3.93. Found: C, 43.68; H, 
2.44; N, 3.87.

Reaction of Organolithium Compounds with Complex 11 in 
the Presence of a Ligand. In a typical case, a mixture of 11 (0.335 
g, 0.5 mmol) and triphenylphosphine (0.520 g, 2.0 mmol) in benzene 
(15 ml.) was stirred for 30 min at room temperature. To the resulting 
suspension was added an ethereal solution of methyllithium (0.8 mL,
1.0 mmol) with stirring for 1 h, during which time the color of the re
action mixture changed from yellow to green-yellow. After addition 
of hydrochloric acid (1 N, 15 mL) with stirring for 1 h, the mixture was 
filtered off. The ethereal extract was dried over MgS04 and distilled. 
VPC analysis (SE 20) of the distillate using an internal standard of 
dibenzyl showed that the product consisted of 2,6-dimethylbenzal- 
dehyde (15; 86%) and 2-methylbenzaldehyde (14; 10%). The ligand 
effect concerning in this methylation was also investigated under the 
same reaction conditions. The results are summarized in Table V. The 
structural assignment of the products was made by the spectral data 
shown in Table II and by elemental analyses.

The reactions of 11 with sec-alkyllithiums were carried out simi
larly. The results are summarized in Table VI. The ligand effect 
toward the reaction of 11 with isopropvllithium is also shown in Table
VI.

2-Deuterio-6-methylbenzaldehyde. A mixture of complex 11 
(0.180 g, 0.25 mmol) and PPh;j (0.260 g, 1.0 mmol) in benzene (8 mL) 
was stirred for 30 min. To the resulting suspension, DCI/D2O, pre
pared by the treatment of acetyl chloride (2 mL) with D20  (10 mL), 
was added with stirring at room temperature for 1 h. Filtration, ether 
extraction, and distillation gave 2-deuterio-6-methylbenzaldehyde. 
A pure sample was collected by preparative VPC (SE 30, 120 °C): 
NMR (CC14) <5 2.63 (s, 3 H), 7.03-7.43 (m, 3 H), 10.12 (s, 1 H). The 
absorption corresponding to the ortho H (f> 7.60-7.87) disappeared.

Quenching the Product from 11 and Isopropyllithium with 
DCI/D2O. The complex 11  was reacted with isopropyllithium under 
the reaction conditions described above. The reaction mixture was 
quenched with DCI/D2O, and 2-methylbenzaldehyde (14) was col
lected by VPC (SE 30, 120 °C). The NMR spectrum of 14 indicated 
that the content of 2-deuterio-6-methylbenzaldehyde was 10%.

The Reaction of 11 with Isopropyllithium in Benzene-d&. The 
complex 11 (0.18 g, 0.025 mmol) was allowed to react with isopro
pyllithium (0.025 mmol) in benzene-dg (7 mL) in the presence of PPI13 
(0.26 g, 1.0 mmol). The NMR analysis of 2-methylbenzaldehyde, 
collected by VPC as described above, showed that the number of 
protons of the ortho position was 0.96, indicating that the deuterium 
abstraction from benzene-dg under the reaction conditions is ne- 
glectable.

Bis[2-iV,lV-dimethylaminomethyl)phenyl]palladium (35). A
solution of o-lithio-N,N-dimethylbenzylamine, prepared by treat
ment of N,N-dimethylbenzylamine (0.135 g, 1 mmol) with n-butyl- 
lithium (1 mmol) in ether under nitrogen, was added to a suspension 
of di-M-chloro-bis[2-(N,N-dimethylaminomethyl)phenyl]dipalladium 
(3; 0.275 g, 0.5 mmol) in ether with stirring at room temperature. After 
additional stirring for 1 h, addition of water (2 mL), filtration, and 
washing with water gave the complex 35. Recrystallization from THF 
gave analytically pure white needles of 35 (0.124 g, 33%): mp 221 °C 
dec (lit.45 mp 180-210 °C); IR (Nujol mull) 1589, 738 cm-1; NMR 
(CDCl-d h 2.63 (s, 6 H), 3.88 (s, 2 H), 6.93-7.77 (m, 4 H). Anal. Calcd 
for Ci8H.,4N2Pd: C, 57.68; H, 6.43; N, 7.47. Found: C, 57.53; H, 6.47; 
N, 7.46.

Reaction of Complex 35 with Methyllithium. To a mixture of 
complex 35 (0.0187 g, 0.05 mmol) and PPh3 (0.0524 g, 0.2 mmol) in 
ether was added an ethereal solution of methyllithium (0.08 mL, 0.10 
mmol). After the standard treatment as mentioned above, the prod
ucts were subjected to VPC analysis, indicating that 6b (0.035 mmol, 
35%) and 6a (0.060 mmol, 60%) were obtained. When the same reac
tion was carried out in the absence of PPh3, 6b and 6a were obtained 
in 8 and 90% yields, respectively.

Reaction of Bromonaphthalene with Methyllithium in the 
Presence of Tetrakis(triphenylphosphine)palladium. A mixture 
of a-bromonaphthalene (0.208 g, 1.0 mmol) and tetrakis(triphenyl- 
phosphine)palladium55 (1.155 g, 1.0 mmol) in benzene (10 mL) was 
heated at reflux under an argon atmosphere for 5 h. After cooling to 
room temperature, an ethereal solution of methyllithium (0.8 mL, 1.0 
mmol) was added to the resulting yellow solution, and the mixture 
was stirred for 1 h. The reaction mixture was poured into water and 
filtered off. The filtrate was extracted with ether. The ether extract 
was washed with water, dried over MgS04, and concentrated. VPC

analysis using an internal standard (biphenyl) showed that rv-meth- 
ylnaphthalene was obtained in 90% yield. A similar reaction with ¡3- 
bromonaphthalene gave d-methylnaphthalene in 88% yield.

Reaction of Di-^-chloro-bis(2-chloro-3-lV,lV-dimethyl- 
amino-1 -phenylpropenyl)dipalladium (36) with Methyllithium. 
The complex 36 was prepared from 3-(AfJV-dimethylamino)-3- 
methylbut-l-yne with lithium chloride and palladium chloride by the 
method of Yukawa and Tsutsumi.52 To a suspension of 36 (3.4 g, 5 
mmol) in ether (25 mL) was added methyllithium (20 mmol) in ether 
(23 mL) with stirring at ambient temperature for 3 h. After heating 
at reflux for 1 h, the reaction mixture was poured into water and fil
tered off. The ethereal extract was washed with water and dried over 
MgS04. After removal of the solvent, distillation of the residual ma
terial gave 1.6 g of the products |bp 55-60 °C (12 mmHg)]. VPC 
analysis showed that three compounds were obtained. The first 
product was AfiV-dimethyl-CiS-o.d-dimethylcinnamylamine (37; 
81%); mass spectrum, m/e 189 (M+); NMR (CDCL) 51.88 (s, 3 H), 1.98 
(s, 3 H), 2.04 (s, 6 H), 2.73 (s, 2 H), 7.00-7.40 (m, 5 H). Anal. Calcd for 
C13H19N: C, 82.48; H, 10.12; N, 7.40. Found: C, 82.26; H, 10.09; N, 7.35. 
The assignment of the stereochemistry of 37 was made by comparison 
with an authentic sample. The second compound was the trans isomer 
of 37 (11%): mass spectrum, m/e 189 (M+); NMR (CDCI3) 0 1.63 (s, 
3 H), 2.01 (s, 3 H), 2.28 (s, 6 H), 3.03 (s, 2 H), 7.10-7.50 (m, 5 H). Anal. 
Found: C, 82.27; H, 10.15; N, 7.27. The last compound was 3-(N,N- 
dimethylamino)-3-methylbut-l-yne56 (8%).

/V,iV-Dimethyl-cis-a:,|8-dimethylcinnamylamine (37). The 
usual reduction of cis-a,/3-dimethylcinnamic acid57 (3.0 g, 17 mmol) 
with LiAlH4 (0.60 g, 12 mmol) gave cis-«,d-dimethylcinnamie alcohol 
(2.50 g, 88%): NMR (CDC13) 5 1.83 (s, 3 H), 1.93 (s, 3 H), 2.50 (s, 1 H),
3.85 (s, 2 H), 7.2 (m, 5 H). To a mixture of the alcohol (0.30 g, 4.8 
mmol), pyridine (10 mL), and ether (30 mL) was added tribromo- 
phosphine (0.45 g, 1.6 mmol) with stirring for 2 h at 0-5 °C. After 
additional stirring for 2 h at room temperature, ice water (20 mL) and 
ether (20 mL) were added. The ethereal extract was washed with water 
and saturated NaCl solution, dried over MgS04, and concentrated. 
Short-path distillation gave cis-a,(¡-dimethylcinnamyl bromide (0.88 
g, 81%): NMR (CC14) 6 1.90 (s, 3 H), 1.95 (s, 3 H), 3.80 (s, 2 H), 7.20 (s, 
5 H). The bromide (0.80 g, 3.6 mmol) was treated with dimethylamine 
(3.0 g, 67 mmol) in ether at 0-5 °C followed by preparative VPC 
(Carbowax 20 M, 150 °C) to give 37.
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Carbon-13 (13C NMR) magnetic resonance has been applied to the title compounds. Earlier suggestions2’3 that 
the effects a to the heteroatom group reflect electrostatic effects and that the effects at a methylene carbon J to the 
heteroatom group indicate similar (chair) conformations are reinforced. The title compounds are therefore indicat
ed to have chair conformations. Unusual heteroatom effects at the 7 carbon are encountered. The groups appended 
to the heteroatoms are shown to have similar conformations in 1,2, and 3 (under conditions of fast amide rotation). 
Transannular electron transfer is detected in the carbonyl chemical shifts of the thia analogue here and, to a lesser 
extent, in the l-thia-4-cyclohexanone, modifying our earlier interpretation.3 Other evidence for this transannular 
component is presented along with possible interpretations.

The use of carbon-13 nuclear magnetic resonance spec
troscopy2 (13C NMR) as a probe3 for conformational analy
sis2-5 and transannular interactions3 in six-membered het
erocycles was evaluated in the l-hetera-4-cyclohexanone 
system (1) in prior work. We wish herein to report an extension 
of this approach to the l-hetera-3-cyclohexanone system (2), 
producing conclusions which reinforce earlier suggestions but 
which also require slight modification of our analysis of 
transannular interactions.

It has become fairly well-documented2-6 that the effects of 
heteroatom groups on the a carbon reflect the heteroatom 
group electrostatic effects, and the l-hetera-3-cyclohexanones
(2) are no exception at either C-2 or C-6 (Figure 1). Plots of 
the chemical shifts (Table I) of the carbon resonances at C-2

and C-6 in 2 relative to the chemical shifts of the corre
sponding positions (tv or y  to the carbonyl, respectively) in 
cyclohexanone (<5“c5h8xo ~ ¿>c6Hi0o) against the chemical shifts 
of the a carbons in the pentamethylene heterocycles3 3 relative

a, X = S
b, X = N -C O -C H ,
c, X  = N -C O -O R '
d, X = SO,

e, X  = N—CH,Ph
f, X  = N—CH3g, x = o

h, X = N -C O -C 6Hs

0022-3263/78/1943-4105$01.00/0 © 1978 American Chemical Society



The THetera-3-cyclohexanone System J . O rg. C h e m ., V oi. 4 3 , N o . 2 1 ,1 9 7 8  4107

Table I. l:iC NMR Data“ for l-Hetera-3-cycIohexanones
registry

compd X no. solvent C- 2 O II O C-4 C-5 C- 6 other
2a s 19090-03-0 CDClg 41.8 203.6 38.5 28.5 33.6
2b NC(=0)CH 3 34456-78-5 CDClg b 205.0 38.2 b b c
2 c NC(=0)OCH 3 61995-18-4 CDCI3 54.0 205.1 38.4 22.5 42.4 d
2 c NC(=0)0CH 2 CH3 61995-19-5 CDClg 54.0 204.9 38.4 2 2 . 6 42.4 e
2 c NC(=0)0CH 2C6H5 61995-20-8 CDC13 53.8 204.9 38.2 2 2 . 2 42.2 f
2d so2 29431-37-6 (CD3)2SO 65.8 197.6 39.3 18.1 49.7
2e n c h 2c 6 h 5 40114-49-6 CDClg 64.3 205.8 38.5 23.9 51.4 g
2f n c h 3 5519-50-6 CDClg 66.4 205.9 38.0 24.1 53.9 h
2g 0 23462-75-1 CDC13 74.9 207.1 37.5 25.2 65.9
2h NCOCgHs 67452-85-1 cd c i3 53.6 204.1 38.2 2 2 . 8 43.7 i

“Chemical shifts are in parts per million relative to internal Me4Si. fcNot available above coalescence temperature. cCH3 not available 
above Tc; amide C = 0 ,169.4 ppm. dOCH3, 52.8 ppm; amide C = 0 ,155.7 ppm. eOCH2, 61.5 ppm; CH3, 14.7 ppm; amide C = 0 ,155.2 
ppm. T)CH2, 67.2 ppm; amide C = 0 ,154.9; Ar, 136.4,128.4,128.0, and 127.8 ppm. *NCH2, 62.3 ppm; Ar, 137.3,128.7,128.1, and 127.1 
ppm. dNCH3, 40.4 ppm. 'Amide C = 0 ,170.0 ppm; Ar, 135.2,129.7,128.3, and 126.7 ppm.
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Figure 1. Comparison of the chemical shifts of the carbons a to the 
heteroatom in 3 (relative to cyclohexane) with the chemical shifts a 
to the heteroatom (relative to the appropriate position in cyclo
hexanone) (a) at C-2 in 2  ( O ) ,  (b) at C-6 in 2  ( a ), and (c) in 1 (□).
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Figure 2. Comparison of the chemical shifts of the carbons 0 to the 
heteroatom in 3 (relative to cyclohexane) with the chemical shifts of 
the methylene carbons 0 to the heteroatom in 2 (relative to the posi
tion 0 to the carbonyl in cyclohexanone).

to cyclohexane (<5ftc5H]oX — ¿c6Hi2) give good linear relation
ships for each carbon set; C-2 , Y = 0.855X — 0.604 (r = 0.985); 
C-6 , Y = 0.810X + 5.525 (r = 0.989). The correlations for C-2 , 
for C-6 , and for the a carbon in the l-hetera-4-cyclohexa- 
nones3  (1) (Y = 0.980X — 0.916 (r = 0.988)) are all roughly 
parallel, supporting the idea of a common origin for the «  ef
fect in heterogroup electronegativities. As before, 3 ,5  the a- 
substituent effects are in the order 0  »  NCH3  > NCHgCgHs 
> S 0 2  >  NCO »  S, consistent with the relative electron- 
withdrawing abilities O > N > S. As may be noted in Table 
I, all of the amides and urethanes (2 b, 2 c, and 2 h) exhibit 
similar chemical shifts at all ring methylene carbons under 
conditions of rapid amide rotation.

When the chemical shifts of the carbons at C-5 in 2, which 
are (3 to the heteroatom, relative to the corresponding position
0 to the carbonyl in cyclohexanone (5 ĈsHsXO — ^CeHioob are 
plotted against the chemical shifts of the j3 carbons in the 
pentamethylene heterocycles3  relative to cyclohexane 
(^CsHioX — 5c5Hi0)) another linear relationship is apparent 
(Figure 2): Y = 2.619X + 0.475 (r = 0.986). Following our 
earlier3 suggestion that these ft shifts may be the most useful 
quick probe of ring conformational preference, this linear 
relationship suggests that all of the l-hetera-3-cyclohexanones
(2 ) studied herein have similar (and presumably chair) ring 
conformations. The advantage of our “double difference” plot 
is again apparent. The linear relationships here and in Figure
1  indicate similar conformations of the mobile heteroatom 
appendages in 1, 2, and 3.

The situation at carbon 4, the carbon 7  to the heteroatom 
group in 2, is less clear. Comparison of these chemical shifts

relative to the carbon a to the carbonyl in cyclohexanone 
(¿7c5H8xo ~ <5ac6Hioo) with the chemical shifts 7 to the het
eroatom group in the pentamethylene heterocycles (3) relative 
to cyclohexane (¿CcsHioX -  <5c6Hi2) produces a roughly hori
zontal correlation with high scatter. Such a line of roughly 0 
slope would suggest that the heteroatom group has a constant 
influence at C-4 in 2 which is independent of the nature of the 
heteroatom group. This result would be unprecedented. 3 ,5 - 9  

The high degree of scatter suggests the operation of several 
opposing factors, but the nature of the factors here (other than 
the traditional steric and electrostatic ones, which should not 
have resulted in high scatter) is unclear.

The remaining carbon to consider in 2 is the carbonyl car
bon, which is 0 to the heteroatom group. When the chemical 
shift of the carbonyl carbons in 2  relative to the cyclohexanone 
carbonyl (Sc= ° c5h8xo -  5c= oc6h,0o) is plotted against the 
heteroatom 0 effect in the pentamethylene heterocycles (3) 
relative to cyclohexane ((^CsHioX — £>c6h12) (Figure 3), clus
tering occurs about a possible linear relationship (Y = 2.04X
-  3.99 (r = 0.769)) in a manner reminiscent of the graph ob
tained for the carbonyl carbon in 1 (Figure 5 of ref 3 with Y 
= 1.238X -  0.450 (r = 0.834)). However, in the l-hetera-3- 
cyclohexanone series, Figure 3 clearly indicates that the thia 
analogue 2a does not fall on any reasonable line (Y = 3.312X
— 1.078 (r = 0.964) when 2a is omitted).

Comparison of the carbonyl chemical shifts in 2 with those 
in the l-hetera-4-cyclohexanones (1) is shown in Figure 4. 
Here a reasonable linear relationship is observed for all of the 
heteroatom groups except the sulfone group (Y = 1.491X —
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Table II. Infrared and Ultraviolet Absorptions of l-Hetera-3-cyclohexanones (2)
IR (CO),“

compd X ________________cm-1_____________________________5max,5 nm
cyclohexanone c h 2 1710 285 (e 14) (in hexane)
2a S 1710 [lit. 1710,1721 (hexane)] 251 (log e 2.44), 308 (2.36)

[lit. 247 (log i 2.47), 305 (2.38)]
2b NC(=0)CH3 lit. 1726
2c NC(=0)0CH3 lit. 1722,1710

NC(=0)0CH2CH3 lit. 1730,1705
NC(=0)0CH2C6H5 lit. 1720,1703

2d so2 1725 289 (log«1.37)
2e NCH2C6H5 1723 (lit. 1720) 280 (sh)
2f NCHs 1725 (lit. 1720) 288 (log f 1.27)
2g 0 1725 298 (log 11.21) [lit. 298 (e 6) (in MeOH)]
2h NC(=0)C6H5 1730

“As a film unless otherwise indicated. 6In 95% ethanol unless otherwise indicated.
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Figure 3. Comparison of the chemical shifts of the carbons ft to the 
heteroatom in 3 (relative to cyclohexane) with the chemical shifts of 
the carbonyl carbons in 2 (relative to the carbonyl in cyclohexa
none).

103.8 (r = 0.786) for all, but Y = -1.587X  + 534.28 (r = 
—0.838) without the sulfone). While neither of these correla
tion coefficients are satisfactory, there is some justification 
for considering the sulfone to be anomalous in Figure 4. In the 
l-hetera-3-cyclohexanones, the sulfone (2d) is the only com
pound containing two substituents on the heteroatom. This 
produces a 7 effect in 2d, but a quite different b effect in Id. 
This 7 effect cancels in Figure 3, but not in Figure 4. Other 
than the sulfones (Id and 2d), the heteroatom group with the 
highest carbonyl 5 value in 1 has the lowest carbonyl b value 
in 2, an inverse relationship. Bearing in mind that heteroatom 
groups are considered (and not isolated heteroatoms), the 
order of the carbonyl 5s (other than for the sulfone group) 
reflects group electronegativities, as observed for the a car
bons. The most electronegative group, the oxygen, has the 
least effect on the ft carbonyl (in 2), in the order and direction 
suggested by Lambert.5 However, the most electronegative 
group has the greatest effect on the 7 carbonyl (in 1), which 
is opposite to Lambert’s analysis.5

The observation that the thia compound is anomalous in 
Figure 3 but fits the trend in Figure 4 promoted reexamination 
of our analysis of the behavior of l-thia-4-cyclohexanone (la) 
in the 7 plot, Figure 5 of ref 3. Indeed this thia system deviates 
significantly from a linear relationship derived by omitting 
this point from our previous analysis (Y = 1.524X + 0.8688 
(r = 0.870)). Without doubt, the sulfur group interacts dif

Figure 4. Comparison of the carbonyl carbon chemical shifts in 1 and 
2.

ferently with a carbonyl group from the way that any other 
heteroatom group28 interacts with the carbonyl group in both 
systems 1 and 2.

While increased interaction between chromophores ar
ranged as in 2 has been suggested based on mass spectral be
havior10 and from photoelectron, ultraviolet, infrared, and 
proton magnetic resonance spectroscopic measurements11-14 
on selected representatives, none of these results has provided 
information as easily quantifiable as our 13C NMR method. 
The unique role of sulfur in series 2 is apparent in the infrared 
and ultraviolet spectra (Table II) as well as in Figure 3. The 
ultraviolet absorptions found for 2a were also found recently 
in 7-thiabicyclo[2.2.1]heptan-2-one,29 where the 300-nm band 
was assigned as n,7r* and the 260-nm band with enhanced 
absorption was assigned as intramolecular charge transfer, 
as suggested herein. Photoelectron spectroscopy results using 
acyclic analogues12 clearly indicate that the presence of both 
a sulfur and a carbonyl oxygen lone pair leads to significant 
stabilization of both lone pairs with respect to the mono
functional components, while the oxygen analogues show only 
slight stabilization of the carbonyl oxygen lone pair along with 
significant stabilization of the ether lone pair. In line with 
these stabilization arguments15 is the fact that replacement 
of the /3-methylene in cyclopentanone12 by oxygen affects the 
basicity much less than replacement by sulfur. Whether this 
“ sulfur effect” is unique to sulfur or typical of a second-row 
heteroatom requires further experimentation. Epiotis’ anal
ysis16 of heteroatom x-donating ability may be relevant. His 
group16 suggests that the r-donating ability of second-row 
heteroatoms is greater than that of first-row heteroatoms if 
the acceptor contains a low-lying LUMO and the reverse if the 
acceptor contains a high-lying LUMO. If the carbonyl group



The l-Hetera-3-cyclohexanone System J . Org. C h e m ., V o i  4 3 , N o . 2 1 ,1 9 7 8  4109

Table III. Infrared and Ultraviolet Absorptions of l-Hetera-4-cyclohexanones (1)
compd X registry no. IR ( C = 0 ) ,a cm 1 Xmax,6 nm

cyclohexanone c h 2 108-94-1 1710 [lit. 1717 (CC14)] 285 (e 14) (in hexane)
la s 1072-72-6 1715 (CC14) [lit. 1715 (CC14)[ lit. 236 (c 285), 298 (33)
lb N C (= 0 )C H 3 32161-06-1 lit. 1712 (CHCI3)
lc N C (= 0 )0 C H 3 29976-54-3 lit. broad 1700 (CHC13)
Id so2 17396-35-9 1710 (Nujol)
If n c h 3 1445-73-4 1724 (CC14) C (lit. 1710) 250 (e 57) [lit. 285 (e 15), 293 (15) 

(in hexane)]
lg 0 29943-42-8 1725 (CCl4) c (lit. 1718) 230 (f 334)
lh N C (= 0 )C 6H5 24686-78-0 lit. 1722 (CHCI3)

“As a film unless otherwise indicated. 5In 95% ethanol unless otherwise indicated. CJ. Reisse, private communication.

is placed in the firs t category, our data38 support Epiotis’ 
suggestions.

Since we are now suggesting that the sulfur and carbonyl 
groups do interact significantly in the l-hetera-4-cyclohexa- 
none series (1) and that this interaction is apparent in the 
l-hetera-3-cyclohexanone series (2) from infrared, ultraviolet, 
and 13C NM R data, i t  behooves us to tabulate infrared and 
ultraviolet data for representatives of series 1. As shown in 
Table III, the sulfur analogue la does show a slight batho- 
chromic shift of the longest wavelength adsorption, but sol
vent changes must also be recognized. The infrared absorption 
data do not show any pattern here.

Experimental Section
All 13C NMR spectra were recorded on a JEO L PS-100 NMR 

spectrometer equipped with a JEOL-JNM-PFT-lOO pulse unit and 
a JEO L-JEC -6  computer. Field frequency stabilization was estab
lished by the deuterium signal of the solvent utilized (CDCR or 
(CD3)2SO). The chemical shifts are expressed in parts per million 
relative to internal Me4Si at 26 ± 2 °C (unless otherwise indicated) 
and are believed to be accurate to 0.2 ppm. All solutions are 10-15%, 
so dilution effects should be minor. The spectra were obtained under 
conditions of proton noise decoupling, with off-resonance decoupling 
used to verify peak assignments where needed.

All infrared spectra were obtained with a Perkin-Elmer Model 567 
grating infrared spectrometer and were run as neat liquids unless 
otherwise stated. Ultraviolet spectra were determined on a Beckman 
Acta CIII UV-vis spectrophotometer in 95% ethanol unless otherwise 
stated. Proton NMR spectra pH NMR) were recorded on a Varian 
Associates Model T-60A spectrometer, and chemical shifts are re
ported in parts per million (ppm) downfield from internal Me4Si at 
ambient temperatures. Elemental analyses were performed by Alfred 
Bernhardt Microanalytisches Laboratorium, Elbach, W. Ger. Gas 
chromatographic analyses were performed on a Varian Model 3700 
chromatograph fitted with a thermal conductivity detector utilizing 
helium flow through a 6 ft X 0.25 in 20% DEGS column on 60-30 mesh 
Chromosorb W.

Samples of amide 2b and urethanes 2c (R' = CH3, CH2CH3, and 
CH2C6H5) were kindly provided by Dr. Krogsgaard-Larsen.17

Thian-3-one (2a). Various reported routes18-21 using Dieckmann 
condensations were utilized without developing a preference for a 
given procedure. Literature yields and physical properties were re
produced. Product 2a exhibited the following: bp 79-80 °C (4mm); 
IR 1710 cm- 1 : l H  NMR (CDCI3) 5 3.23 (2 H, s), 3.00-2.65 (2 H, m),
2.65-2.25 (4 H. m). Anal. Calcd for C5H8OS: C, 51.68; H, 6.94; S, 27.60. 
Found: C, 51.57; H, 6.94; S, 27.80. Attempts to oxidize commercially 
available thian-3-ol (Aldrich Chemical Co.) using a variety of oxidants 
failed.

Thian-3-one 1,1-Dioxide (2d). Peroxide oxidation19 of 2a was 
performed, but yields were improved using a slightly different pro
cedure.22 To a solution of 1.00 g (8.62 mmol) of 2a in 20 mL of glacial 
acetic acid was added 4.0 mL (40 mmol) of 30% hydrogen peroxide 
dropwise while maintaining the temperature at 5-10  °C. After the 
mixture was stirred for an additional 24 h at room temperature, the 
solvent was evaporated under a slow stream of nitrogen to give a white 
solid. Recrystallization twice from absolute ethanol afforded 0.74g 
(58%) of colorless flakes: mp 142-143 °C (lit.19 mp 136-139 °C); IR 
(Me2SO) 1920 and 1725 cm- 1 ; !H NMR (Me2SO-d6) <5 4.33 (2  H, s),
3.80-3.25 (2 H, m), 2.80-2.35 (2 H, m), 2.35-1.80 (2 H, m). Anal. Calcd 
for C5H80 3S: C, 40.53, H, 5.45; S, 21.64. Found: C, 40.41; H, 5.46; S,
21.60.

l-Benzylazan-3-one (2e). Sodium bicarbonate treatment of the 
commercially available (Aldrich Chemical Co.) hydrated hydro
chloride salt by the procedure of Krogsgaard-Larsen17 smoothly 
provided the desired N-benzyl ketone in 79% yield with spectral 
properties as reported:17 bp 139-140 °C (3.5 mm); IR 3030 and 1723 
cm- 1 ; 7H NMR (CDC13) <5 7.34 (5 H, s), 3.58 (2  H, s), 3.00 (2  H, s), 2.61 
(2 H, t), 2.50-2.13 (2 H, m), 2.13-1.64 (2 H, m). Anal. Calcd for 
Ci2H15NO: C, 76.14; H, 8.00; N, 7.40. Found: C, 76.10; H. 7.92; N,
7.28.

I-Methylazan-3-one (2f). Jones oxidation10 gave poor yields of 
product which could not be purified other than by preparative 
vapor-phase chromatography. Use of Jones reagent in glacial acetic 
acid23 was more successful. To a solution of 3.34 g (29 mmol) of 1 - 
methylazan-3-ol in 58 mL of glacial acetic acid was added 1.6 mL of 
concentrated H2S 0 4 (in one portion) followed by 1 1  mL of Jones re
agent over a period of 20 min. After stirring for 1 additional hour, 10 
mL of 2-propanol was added. Dilution with 150 mL of water was fol
lowed by addition of 25.3 g (8 6  mmol) of trisodium citrate and 400 mg 
of amalgamated zinc. The flask was flushed with N2 for 23 min, at 
which time the solution was made strongly basic with 25% aqueous 
NaOH and extracted with methylene chloride. The organic extracts 
were diluted with hexane, washed with saturated aqueous NaCl, and 
dried (Na2S 0 4). Solvents were removed on a rotary evaporator, and 
the orange-brown residue was distilled under N2 to give 1 .6  g (49%) 
of a colorless oil which rapidly turned yellow on exposure to air: bp
68-69 °C (12.5 mm) [lit.26 bp 63-64 °C (13 mm)]; IR 1725 cm- ?; 
NMR (CDCI3) 6 3.00 (2 H, s), 2.83-2.45 (2 H, m), 2.40 (3 H, s), 
2.40-1.60 (4 H, m). Anal. Calcd for C6H„NO: C, 63.67; H, 9.82; N, 
12.38. Found: 63.42; H, 9.72; N, 12.21.

Oxan-3-one (2g). Difficulties were encountered in preparation and 
purification by literature methods,10,24'25 so the following sequence 
was developed. Hydroboration of 2,3-dihydropyran was performed 
using the procedure of Monson27 with external borane generation, 
but with only a 5% excess of diborane. Alkaline peroxide oxidation27 
converted 8.41 g (100 mmol) of 2,3-dihydropyran into 7.52 g (74% 
yield) of oxan-3-ol as a colorless oil, bp 44-45 °C (0.9 mm). Jones ox
idation24 of this alcohol produced the ketone, bp 57-58 °C (9 mm), 
which required further purification. Column chromatography (Woelm 
neutral alumina I, 5:1 methylene chloride-ethyl acetate) and subse
quent bulb-to-bulb distillation (Kugelrohr apparatus) produced 1.5 
g (75% yield) of a colorless oil: IR 1725 cm- 1 ; 7H NMR (CDCI3) 5 4.02 
(2 H, s), 3.90 (2 H, t), 2.72-2.40 (2 H, m), 2.32-1.82 (2 H, m). Anal. 
Calcd for C6H80 2: C, 60.05; H, 7.99. Found: C, 59.84; H, 7.91.

l-Benzoylazan-3-one (2h). Jones oxidation30 of l-benzoyl-3- 
hydroxypiperidine30 followed by column chromatography (Woelm 
neutral alumina I, 3:1 chloroform-ethyl acetate) produced a 56% yield 
of a viscous yellow oil: IR 1730 and 1635 cm- 1 ; 7H NMR (CDC13) & 7.45 
(5 H, s), 4.15 (2 H, s), 3.70 (2 H, t), 2.23-1.65 (2 H, m).
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Reaction of 3,4-dihydro-2R-pyran with (l,3-dimethyl-2,4-pyrimidmedion-5-yl)mercury(II) acetate in the pres
ence of 1 equiv of LbPdlOAclsCU at 25 °C produced in high yield a mixture of two isomers, l,3-dimethyl-5-(5',6’- 
dihydro-2'/7-pyran-2'-yl)-2,4-pyrimidinedione (1) and l,3-dimethyl-5-(5',6'-dihydro-277-pyran-6'-yl)-2,4-pyrimi- 
dinedione (2). Palladium-catalyzed [(Ph;1P)2Pd(OAc)2 ] reaction with 3,4-dihydro-2H-pyran with l,3-dimethyl-5- 
iodo-2,4-pyrimidinedione at 100 °C yielded a third isomer, l,3-dimethyl-5-(3',4'-dihydro-27/-pyran-2'-yl)-2,4-py- 
rimidinedione (3). The relationship between the three isomers was established by reduction of each to the same 
product, l,3-dimethyl-5-(tetrahydropyran-2'-yl)-2,4-pyrimidinedione (7). Structure assignments of the three iso
mers based on mass and 'H nuclear magnetic resonance spectra are discussed.

Reactions of cyclic enol ethers with palladium derivatives 
of nitrogen heterocycles1 provide a potentially attractive 
synthetic route to C-nucleosides.2’3 In preliminary investi
gations,1 we have studied several reactions of enol ethers, in
cluding 3,4-dihydro-2/i-pyran (4), with organopalladium 
reagents. In this report, we describe the preparation by this 
method and spectrometric properties of three isomeric 
1, 3-dimethyl-5-(dihydropyran-2'-yl)-2,4-pyrimidinediones 
(uracils) (1-3).

Two of the isomers, l,3-dimethyl-5-(5,,6'-dihydro-2'/i- 
pyran-2'-yl)-2,4-pyrimidinedione (1) and l,3-dimethyl-5- 
(5,,6,-dihydro-2'//-pyran-6,-yl)-2,4-pyrimidinedione (2), result 
from reaction of 3,4-dihydro-2//-pyran (4) with an organo
palladium reagent generated in situ by treatment of (1,3- 
dimethyl-2,4-pyrimidinedion-5-yl)mercury(II) acetate (5) 
with the palladium(II) salt Li2Pd(OAc)2Cl2 in acetonitrile at 
room temperature during 1 day.1 The reaction apparently 
involves regiospecific addition of an intermediate pyrimi- 
dinylpalladium species derived from 5 to the double bond of
3,4-dihydro-2/f-pyran (4) followed by elimination of a hy- 
dridopalladium salt to yield the initial (major) product 1. 
Readdition of the hydridopalladium salt to the double bond 
of the dihydropyranyl moiety of 1 and subsequent reelimi
nation produced the double bond shifted minor product 2.1

The third isomer, l,3-dimethyl-5-(3,,4'-dihydro-2,/ i -  
pyrran-2,-yl)-2,4-pyrimidinedione (3), was produced as the sole 
isolable product of reaction of 3,4-dihydro-2//-pyran (4) with
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a similar pyrimidinylpalladium reagent formed from 1,3- 
dimethyl-5-iodouracil4 (6) and a catalytic amount of diace- 
tatobis(triphenylphosphine)palladium(II).5 Presumably, the 
differing results of the two reactions are caused by the dif
ference in reaction temperatures.6 In the first reaction, the 
organopalladium species forms easily from the corresponding 
mercury derivative (5), and the reaction proceeds at room 
temperature.1’6 In the second reaction, in which the organo
palladium intermediate was generated from the 5-iodopyri- 
midine 6, a temperature of 100 °C was required, resulting in 
the formation of 3 in which the double bond is stabilized by 
conjugation with the ring oxygen. It is not immediately clear 
why the fourth possible isomer, that in which the dihydro- 
pyranyl double bond is in conjugation with the pyrimidine 
rings, is not formed. Under similar conditions, palladium- 
catalyzed reaction of 6 with vinyl acetate readily yields the 
conjugated product, l,3-dimethyl-5-vinyluracil.7

Isomers 1-3 were assigned structures after consideration 
of their chemical and spectrometric properties. Their isomeric 
nature was established by mass spectrometry. Further, re
duction of isomers 1-3 produced a single compound, 1,3- 
dimethyl-5-(tetrahydropyran-2'-yl)-2,4-pyrimidinedione (7),

0
JJ

MeN NMe

establishing that the points of attachment of the pyrimidine 
and dihydropyranyl rings are the same for each isomer. The 
fact that isomers 1-3 exhibit identical ultraviolet spectra with 
absorption maxima at 270 nm (methanol) establishes that, in 
each compound, the dihydropyranyl double bond is not con
jugated with the pyrimidine chromophore.8

The two structural features of each isomer remaining to be 
established, the point of attachment of the dihydropyranyl 
ring to the pyrimidine and the position of the dihydropyranyl 
double bond, were assigned from consideration, of the re
spective 1H nuclear magnetic resonance ('H NMR) spectra 
(see Experimental Section).9 Structure assignments are par
ticularly straightforward upon comparison of the three 
spectra. Thus, in the spectra of 1 and 2, dihydropyranyl res
onances assignable to olefinic hydrogens (two) and hydrogens 
on oxygen-bearing carbon (three) are apparent, establishing 
the 2' position for linkage of the dihydropyranyl moiety to the 
pyrimidine ring. The downfield position of the 2'-H resonance 
in 1 (<5 5.25) as compared with that in 2 (5 4.59) is indicative 
of its allylic relationship to the dihydropyranyl double bond 
of 1. These and other obvious resonance assignments permit 
unique structures to be designated for 1 and 2. Similarly, as
signment of a unique structure to compound 3 is facile from 
examination of its XH NMR spectra in deuteriochloroform and 
deuteriobenzene (Experimental Section).9 In these spectra 
the olefinic resonances are essentially those of dihydropyran 
itself,10 and the single proton assignable to oxygen-bearing 
carbon is consistent only with structure 3.

The mass spectra9 reveal that the three isomers exhibit 
interesting differences in fragmentation modes. The mass 
spectrum of each isomer exhibits a different base ion. In the 
spectrum of 1 the base ion (m/e 167) corresponds to the py
rimidine moiety (B) plus a CO fragment derived from the 
dihydropyranyl ring. The mass spectrum of 2 exhibits a 
prominent B + 28 ion at m/e 167; however, in this case the B 
+ H ion at m/e 140 is the base ion. An abundant B + H ion is 
characteristic of N- rather than C-nucleosides11-13 and ap
parently arises in the spectrum of 2 because for this isomer 
transfer of a 5'-H of the dihydropyranyl ring to the pyrimidine 
moiety with rupture of the C5-C 6- bond and formation of 
2/f-pyran is particularly favored. The favored fragmentation 
mode for isomer 3 is still different. In this case the base ion at 
m/e 166 arises by retro-Diels-Alder reaction of the dihydro
pyranyl moiety, yielding acrolein and the 5-vinylpyr:midine. 
In the spectrum of each isomer an ion at m/e 81 corresponding 
to the heteroaromatic (CsHsO)4 ion is observed.

Experimental Section
General Comments. Melting points were determined with a hot 

stage microscope and are uncorrected. Ultraviolet spectra were re
corded with a Cary-15 spectrophotometer, and 1H NMR spectra were 
obtained on deuteriochloroform and deuteriobenzene solutions using 
a Varian Associates HA-100 spectrometer. Mass spectra were obtained 
using a CEC 21-110B mass spectrometer (direct insertion probe, 
high-resolution data) and a DuPont 21-491 mass spectrometer (gas 
chromatography-mass spectrometry). Elemental analyses were 
provided by Dr. R. Wielesek, University of Oregon.

(l,3-Dimethyl-2,4-pyrimidinedion-5-yl)mercury(ID Acetate
(5). A mixture of 14 g (0.1 mol) of 1,3-dimethyluracil8 and 31.8 g (0.1 
mol) of mercury(II) acetate in 200 mL of methanol containing several 
drops of 70% perchloric acid was stirred at room temperature for 12 
h. The resulting precipitate was collected and washed with cold 
methanol to yield 36.4 g (93%) of (l,3-dimethyl-2,4-pvrimidinedion-
5- yl)mercury(II) acetate (5), which was suitable for use without fur
ther purification.

1.3- Dimethyl-5~(5',6'-dihydro-2'fi-pyran-2'-yl)-2,4-pyrimi- 
dinedione (1) and l,3-Dimethyl-5-(5',6'-dihydro-2'H-pyran-6'- 
yl)-2,4-pyrimidinedione (2). A mixture consisting of 4.0 g (0.01 mol) 
of (l,3-dimethyl-2,4-pyrimidinedione-5-yl)mercury(II) acetate (5),
2.3 g (0.01 mol) of palladium acetate, 0.8 g (0.02 mol) of lithium 
chloride, and 1.6 g (0.02 mol) of 3,4-dihvdro-2H-pyran (4) in 100 mL 
of anhydrous acetonitrile was stirred for 12 h at room temperature. 
During this time a black precipitate (presumably palladium) formed. 
Hydrogen sulfide was passed through the reaction mixture, and the 
resulting precipitated metal salts were removed by filtration. Evap
oration of the filtrate left a residue (2.0 g, 91%) consisting of a mixture 
of 1 and 2 (3:1). The mixture of 1 and 2 was difficult to separate; silica 
gel chromatography with dichloromethane elution yielded in early 
fractions, l,3-dimethyl-5-(5',6/-dihydro-2,H-pyran-6,-yl)-2,4-pyri- 
midinedione (2) as colorless crystals from hexane: mp 134-135 °C UV 
Amax (MeOH) 270 nm (t 7900); MS m/e 222.1029 (M+-; calcd for 
CnHuNaO,, 222.1004), 167.0470 (calcd for C7H7N.,03, 167.0457); [H 
NMR (CDCl;,) (> 1.8-2.8 (m, 2 H, 5'-H), 3.38 and 3.43 (s and s, N-Me),
4.35 (brd, 2'-H), 4.59 (d of d, J = 5 and 10 Hz, 6'-H), 5.6-6.1 (m, 2 H, 
3'- and 4'-H), 7.29 (s, 6-H).

Anal. Calcd for CnHi4N20 3: C, 59.5; H, 6.31; N, 12.6. Found: C, 59.1; 
H, 6.09; N, 12.6.

Further elution yielded middle fractions containing both 1 and 2 
and finally late fractions containing pure l,3-dimethyl-5-(5',6'-di- 
hydro-27/-pyran-2'-yll 2.4-pyrimidinedione (1): mp 123-124 “C 
(from hexane); UV Amax (MeOH) 270 nm (r 8100); MS m/e 222.1000 
(M+-; calcd for Cn H14N20 3, 222.1004); JH NMR (CDC1:!) A 1.8-2.5 
(m, 2 H, 5'-H), 3.37 and 3.42 (s and s, N-Me), 3.7-4.2 (m, 2 H, 6'-H).
5.25 (brd, 1 H, 2'-H), 5.7-6.1 (m, 2 H, 3'- and 4'-H), 7.27 (s, 1 H,
6- H).

Anal. Calcd for Cn H14N20 3: C, 59.5; H, 6.31; N, 12.6. Found: C, 59.4; 
H, 6.15; N, 12.6.

1.3- Dimethyl-5-(3',4'-dihydro-2'H-pyran-2'-yl)-2,4-pyrimi- 
dinedione (3). A mixture consisting of 0.27 g (1 mmol) of 1,3-di- 
methyl-5-iodouracil (6), 0.2 g (2 mmol) of triethylamine, 0.7 mg (0.01 
mmol) of diacetatobis(triphenylphosphine)palladium(II),5 and 10 
mL of 3,4-dihydro-2H-pyran (4) contained in a sealed tube was heated 
at 100 °C for 5 h. The cooled reaction mixture was poured into water 
and extracted with chloroform. The chloroform extract was chro
matographed on silica gel using dichloromethane-ether (9:1) for
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elution to yield 0.14 g (64%) of l,3-dimethyl-5-(3',4'-dihydro-2'W- 
pyran-2'-yl)-2,4-pyrimidinedione (3) which exhibited Amax (MeOH) 
270 nm (« 8000) and MS m/e 222.1008 (M+-; calcd for C iiH i4N20 3, 
222.1004) and 166.0737 (calcd for C8H ioN202, 166.0742); >H NMR 
(CDCI3) & 1.5-2.5 (m, 4 H, 3'- and 4'-H), 3.37 and 3.45 (s and s, NMe),
5.7-5.95 (m, 2 H, 2'- and 5'-H), 6.45 (d, J = 6 Hz, 1 H, 6'-H), 7.27 (s, 
1 H, 6-H). In deuteriobenzene solution, the resonances for 2'-H and 
5'-H are separated,9 permitting facile assignment.

Anal. Calcd for C „H 14N20 3: C, 59.5; H, 6.31; N, 12.6. Found: C, 59.3; 
H, 6.22; N, 12.5.

l,3-Dimethyl-5-(2'-tetrahydropyranyl)-2,4-pyrimidinedione
(7). To a solution of 0.14 g of l,3-dimethyl-5-(3',4'-dihydro-2'//- 
pyran-2'-yl)-2,4-pyrimidinedione (3) in 50 mL of tetrahydrofuran was 
added 14 mg of 5% palladium on carbon. The resulting mixture was 
shaken under 2 atm of hydrogen pressure for 2 h. The catalyst was 
removed, and the solvent was evaporated to yield 0.10 g (71%) of
l,3-dimethyl-5-(2'-tetrahvdropyranyl)-2,4-pyrimidinedione (7): mp
105-106 °C; UV Amax (MeOH) 270 nm U 7900); MS m/e 224.1224 
(M+-; calcd for C „H 16N20 3, 224.1191); iH NMR (CDC13) 5 3.35 and 
3.40 (NMe), 4.35 (d, J = 11 Hz, 2'-H), 7.24 (6-H).

Anal. Calcd for C „H u;N20 3: C, 58.9; H, 7.14; N, 12.5. Found: C, 58.9; 
H, 7.16; N, 12.4.

Similar reductions of both 1 and 2 in methanol yielded 7. Prolonged 
0 5  h) contact with the reducing conditions resulted in reduction of 
the pyrimidinedione ring, producing a tetrahydro product of M, 
226.
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The title reactions have been studied mainly in methanol and 9:1 acetonitrile-methanol. 2,6-Diphenylpyrylium 
cation yields a 4H-pyran as the kinetically favored product and diphenylpentadienone 7. The latter, which forms 
upon ring cleavage of a 2H-pyran, is the product of a thermodynamically favored pathway. In methanol the reaction 
of the methoxy-substituted cation yields comparable amounts of the isomeric 2H- and 4H-pyranic adducts; in this 
case the 2H-pyran apparently does not undergo ring cleavage. In 9:1 acetonitrile-methanol the only primary prod
uct is the 4H-pyran. The proticity of the medium seems to have an important role in promoting the interconversion 
of 4if-pyrans to other reaction products.

The pyrylium cation, one of the fundamental heteroaro
matic systems, reacts easily with nucleophilic reagents. The 
nucleophilic attack occurs preferentially at the a or 7 posi
tion;1 in the absence of a good leaving group the reaction yields 
nonaromatic adducts (2H- or 4//-pyrans). The formation of 
a 2/7-pyran is often followed by a ring-opening reaction, 
yielding a dienonic valence tautomer of the 2H-pyran.2 If, on 
the other hand, the attacked position is bound to a good 
leaving group, the formation of the pyran is followed by the 
loss of this group and formation of a substituted pyrylium 
cation. Owing to the high reactivity of the pyrylium ring, 
substitution occurs easily, even with such poor leaving groups 
as alkoxy groups.3’4

Nucleophilic substitutions of pyrylium cations are similar 
to nucleophilic substitutions of pyridinium cations5 and of 
activated benzenoid substrates,6 where the intermediacy of 
a adducts seems a general common feature.

While the equilibrium reactions of formation of Meisen-

heimer adducts from nitro-activated substrates7 and of 
dihydropyridines from pyridinium cations8 have been in
tensively investigated, reversible reactions of formation of 
pyrans from pyrylium cations have received limited attention 
so far.9

In view of the interest in the nucleophilic substitutions of 
pyrylium and related cations,4,10’11 and in connection with our 
studies on the formation of adducts from heteroaromatic 
substrates,12 we present the results concerning the course of 
the reaction of methoxide ion with 2,6-diphenylpyrylium (1) 
and 4-methoxy-2,6-diphenylpyrylium (2) cations and the 
structure assignment of the reaction products. Hydrogen and 
.methoxyl groups are known to affect, in a different way, the 
structure and stability of Meisenheimer adducts.13 The phenyl 
groups at the a positions were expected to have some hin
dering effect14 toward attack at such positions and to decrease 
therein the reactivity, leaving virtually unaffected the reac
tivity of the 7 position.

0099 9969/78/104 9 4119401 OO/n 1Q7Q A —1
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Table I. Chemical Shifts (8) and Coupling Constants (Hz) for Compounds 1-4 and 6

Compd Solvent H-3,5 H-4 c6h 6 OCH3 ¿SA 3,5

1 CD3CN 8.51 8.95 7.5-8.4 8.6
3 CDgCN“ 5.80 4.80 7.3-7.9 b 4.5

CH3OD 5.85 4.9 7.1-8.1 b 4.5
CC14 5.60 4.88 7.2-7.9 3.16 4.5

2 CD3CN 7.90 7.6-8.3 4.40
(CD3)2SO 8.40 7.5-7.9, 8.3-8.6 4.45

4 c d 3c n ° 5.77 7.2-7.9 b
CH30D 5.80 7.3-8.1 b
(CD3)2S O 6.02 7.3-8.1 b
CC14 5.65 7.1-7.9 3.22

6 CH30D 4.55, 6.00 7.3-8.1 6 2
CD3CN“ 4.6, 5.9 7.3-8.1 b 2
CC14 4.34, 5.82 7.1-7.9 3.19, 3.57 2

a In the presence of methanol. 6 Concealed by the solvent.

OMe 2 4 6

X = H 7

OMe 8

Results and Discussion
Originally, we planned to study these reactions in methanol 

for a direct comparison with the formation of Meisenheimer 
adducts from nitro-activated benzenes. Spectrophotometric 
(UV) studies were carried out conveniently in this solvent. 
However, owing to the low solubilities of the salts of 1 and 2 
in MeOH, NMR studies were at first carried out by recording 
the spectra of the salts in acetonitrile-d3 and by adding sub
sequently the appropriate amount of a 4-5 M solution of so
dium methoxide in MeOH. The medium was thus a mixture 
of acetonitrile-d3 and methanol, approximately 9:1 (v/v).

NMR Studies in Acetonitrile-^-Methanol (9:1). The 
addition of an equivalent amount of methoxide ion to 1 and 
2 brings about a general upfield shift of the NMR signals. 
Thus, the AB2 system of 1 is replaced immediately after the 
addition of methoxide by the AX2 system of 3 (Table I). The 
strong upfield shift of the hydrogen at position 4 indicates that 
the carbon atom in 3 has undergone change from sp2 to sp3 
hybridization. The coupling constant between the adjacent 
positions of 3 is similar to the c/3,4 value in 1,4-dihydropyri- 
dines.15 The NMR spectrum shows also weak signals at <5
6.5-7.0, whose intensities increase with time to become com
parable with the signals of 3 after several hours.

As to the reaction of 2, the addition of the nucleophile leads 
immediately to the conversion of 2 to 4. It can be excluded that 
the observed spectrum corresponds to that of a déméthylation 
product because 2,6-diphenyl-4-pyranone shows a signal at 
5 6.73. The signals of the methoxyls of 4 are concealed by the 
methanol introduced with the nucleophile. Besides the above 
described signals, the NMR spectrum shows very weak signals 
at <5 5.9 and 4.6, whose intensities increase very slowly to be

come in a few days comparable with the signal at b 5.77. The 
nature of the slower reaction will be evident below.

NMR Studies in Methanol, (a) At Room Temperature.
In the reaction of 1 the signals of adduct 3 are detected im
mediately after the addition of methoxide ion together with 
weak signals at b 6.4-7.1. In a few minutes the signals of 3 
decrease, with a corresponding increase of the signals at b
6.4-7.1, and disappear completely in less than 1 h.

The final product was characterized as the dienone 7 by a 
90 MHz spectrum in methanol: at b 6.88 (H-3, triplet, J = 10.9 
Hz); at nearly b 6.6 (H-2, doublet of the same intensity, J =
10.9 Hz); intense multiplet in the range of the phenyl groups. 
Another proton, coupled only to H-3, was localized at 5 7.4 
under the phenyl groups by a spin-tickling experiment; irra
diation at 8 7.36 or 7.48 split each signal of the triplet into two 
doublets, leaving unchanged the doublet at 5 6.6. The signal 
at 8 7.4 corresponds to the proton at position 4, strongly de- 
shielded by the adjacent carbonyl group, as already reported 
in dienones obtained upon ring opening of 2H-pyrans.16 The 
methoxy group of 7 was detected at b 3.90 in a CCI4 solution, 
which otherwise showed the same pattern as in methanol. The 
difference between the chemical shift of H-4 in 7 (b 7.4) and 
that reported for the dienone derived from 2,4,6-trimethyl- 
2H-pyran (i5 7.63)16 is in better accordance with a Z configu
ration around the C4-C 5 bond (¿>caicd 6.98)17 than with an E 
configuration (<5caicd 6.73).17

The value of J 2 ,3  (10.9 Hz), similar to that reported for 
ring-cleaved compounds formed after nucleophilic addition 
to pyridinium cations,80 shows the Z configuration of the 
double bond at C2-C 3. The J3,4 value (10.9 Hz) and the ab
sence of coupling between positions 2 and 4, as previously 
reported for the dienone derived from 2,4,6-trimethyl-2H- 
pyran,16 show that the more stable conformer of 7 is s-trans 
around the C3-C 4 bond. Dienone 7 is presumably formed by 
the electrocyclic ring-opening reaction of 2H-pyran 5. How
ever, 5 is not detected as such by NMR spectroscopy. Weak 
signals in the alkene and methoxyl regions are in fact recorded, 
but their assignment to 5 is not straightforward. The absence 
of 5 shows that 7 is more stable and that, at the same time, a 
low energy barrier divides 7 from 5.

2H-Pyran 5 could yield both 7a and 7b; the preferential 
formation of 7 as a stable conformer of 7 a shows that the
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smaller methoxy group rotates inward during the ring-opening 
reaction because of a sterically favored transition state and 
finally turns out to be situated trans at H-4.

As to the reaction of 2, this yields immediately a deep yellow 
solution of both 4f/-pyran 4 and 2/i-pyran 6. The character
izing feature of the latter is given by two coupled signals of the 
same intensity. The J3,5 value of 6 is in the range observed in
l ,2-dihydropyridines8c and a-pyrones18 (J = 1.5-3 Hz). The 
intensity ratio between each of the doublets and the singlet 
is nearly 0.5. At variance with the reaction of 1, both 2H- and 
4i/-pyrans are observed separately in the reaction of 2. 
Moreover, the electrocyclic ring opening of 6 is not observed. 
This spectrum changes slowly with time; after one day a signal 
is detected at & 6.85, owing to the formation of a small amount 
of the demethylation product (2,6-diphenyl-4-pyranone).

(b) At Low Temperature. The disappearance of the sig
nals of both substrates is complete within the time necessary 
to add the nucleophile and record the spectra.

The reaction of 1 at -3 0  °C yields only adduct 3, which is 
converted to the open-chain dienone 7 on raising the tem
perature.

The reaction of 2 was performed at —50 °C. Even at this 
temperature, 2 yields both adducts 4 and 6 in a ratio not too 
different from that observed at room temperature.

NMR Studies in Me2SO-dg-MeOH (9:1 v/v). Only the 
reaction of 2 was studied in Me2SO because of the fast de
composition of 1 in this solvent. Upon addition of an equiva
lent amount of MeO- , 2 yields adduct 4. After one week at 
room temperature, this adduct is still almost unchanged, even 
if weak broad signals are detected at 5 7.1-7.2, probably owing 
to some decomposition. The demethylation product, 2,6- 
diphenyl-4-pyranone, is not detected.

Spectrophotometric Studies. 2,6-Diphenylpyrylium 
cation (1) in methanol has two absorption maxima at 277 nm 
(c 1.62 X 104 M-1 cm-1) and 400 (2.51 X 104). Upon addition 
of a slight excess of sodium methoxide to a 4.5 X 10-5 M so
lution of 1, these maxima disappear immediately to be re
placed by new maxima at 243 and 353 nm. With time the ab
sorbance at 243 nm decreases, whereas that at 353 nm in
creases further. This conversion is characterized by the 
presence of an isosbestic point at 270 nm. After 15 min the 
reaction is practically finished, and a residual absorbance is 
observed in the range 230-260 nm together with the maximum 
at 353 nm. Upon addition of HC1 in methanol the reaction 
products are converted back to pyrylium cation 1. On the basis 
of the NMR data we attribute the absorbance maximum at 
243 nm to 4//-pyran 3. This hypothesis is in accordance with 
literature data19 reporting that nonconjugated 4H-pyrans 
have maxima in the region of 225 and 250 nm. The absorbance 
maximum at 353 nm, again on the basis of the NMR and lit
erature data19 concerning the electronic spectra of 2H-2- 
benzyl- and 4/7-4-benzyl-2,4,6-triphenylpyrans, is assigned 
to the open-chain dienone 7. A clear distinction between 
2H-pyrans and their open-chain valence tautomers does not 
seem feasible on the basis of the UV spectral data alone.20

In methanol, 4-methoxy-2,6-diphenylpyrylium cation (2) 
shows two absorption maxima at 274 nm (e 2.45 X 104 M-1 
cm-1) and 355 (2.57 X 104). Upon addition of a slight excess 
of sodium methoxide, the spectrum of 2 disappears immedi
ately and the formation of two maxima at 237 and 320 nm is 
observed (of intensity nearly 1:2). The disappearance of 2 is 
complete even with a methoxide ion concentration as low as
10-4 M. Upon acidification, the reaction products are con
verted back to cation 2. On the basis of NMR and literature 
data19 we assign the shorter wavelength maximum to 4H- 
pyran 4 and the longer wavelength one to 2//-pyran 6. At 
variance with the reaction of 1, small changes of the spectrum 
are observed only after several hours.

Course of the Reaction. The reaction of 2,6-diphenylpy-

Scheme I

1 + MeO'

3

5

kinetic control

7 thermodynamic 
control

rylium cation 1 yields 4 //-pyran 3 as the kinetically controlled 
product. Nucleophilic addition occurs more easily at the 7 
position probably because of the lower steric requirement with 
respect to the a positions. This reaction is the only one ob
served in methanol at low temperature and in the 9:1 aceto
nitrile-methanol mixture.

When the reaction is run in methanol at room temperature, 
the initial formation of 3 is followed by the appearance of the 
ring-cleaved dienone 7. Subsequently, 3 is completely trans
formed into the latter. The same behavior is observed when 
the reaction mixture is initially kept at low temperature and 
then warmed to room temperature.

Compound 7 is the result of a thermodynamically controlled 
pathway; the formation of a strongly conjugated dienone may 
then be considered a driving force. The reaction goes probably 
according to Scheme I. This involves the interaction of small 
amounts of the starting reactants, which are in equilibrium 
with 3 and may alternatively react to yield 2//-pyran 5, the 
immediate precursor of 7. So far it has not been possible to 
detect by NMR spectroscopy the presence of 5. However, 
owing to the relatively low sensitivity of the NMR method and 
the expected complexity of the spectrum of 5, we cannot ex
clude the presence of a small amount at equilibrium. In 
Scheme I methanol, as a hydrogen bond donor, is likely to act 
as a promoter of the departure of the methoxyl from 3 and of 
the return to pyrylium cation 1; the use of a solvent with a low 
content of methanol slows down the conversion of the 4H - 
pyran to dienone 7 and allows even the isolation, upon removal 
of the solvent, of a mixture containing substantial amounts 
of adduct 3.

In the reaction of 4-methoxy-2,6-diphenylpyrylium cation 
2, the behavior is again strongly dependent upon the nature 
of the solvent. In methanol 4 is detected along with its isomeric 
2//-pyran 6; the ratio 4/6, as measured by NMR spectroscopy, 
is independent of the temperature and does not change dra
matically with time. The observed ratio seems thus to be a 
measure of the relative stability of 4 and 6. On the other hand, 
in the acetonitrile-rich medium the observed product is only 
the 4H -pyran adduct 4. On standing at room temperature, this 
adduct is slowly converted into a mixture of the isomeric ad
ducts 4 and 6. The conversion 4 — 6 is even slower in a 
Me2SO-rich medium, where the hydrogen bond donor ability 
of methanol is presumably lower than in the acetonitrile-rich 
medium.

At variance with the behavior of the undetected 2//-pyran 
5, 2//-pyran 6 apparently does not undergo the ring-opening 
reaction to dienone 8. This difference in behavior is related 
to the presence at position 4 of a substituent; while it seems 
difficult to estimate the role of electronic effects in the ring
opening reaction, the stability of 2/f-pyran 6 may be con
nected to the fact that an increase of steric hindrance generally 
shifts the equilibrium 2/i-pyran dienone toward the left, 
probably because bulky groups decrease the conjugation de
gree in the dienone system.20

An assessment of the tendency of 6 to undergo the ring
opening reaction (6 —* 8) is complicated by the fact that 2 is 
finally demethylated to 2,6-diphenyl-4-pyranone. This irre
versible reaction, which can occur on small amounts of 2 and 
methoxide (Scheme II), could effectively compete with a 
possible slow ring-opening reaction.

The equilibria for the reactions of 1 and 2 with CH30~ are 
largely shifted to the pyrans, even in methanol solutions
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Scheme II

2 + MeCT 5 = 5 :  6 5 ^ -  8

(s lo w )''’*' 2,6 -diphenyl-4-pyranone

containing very dilute methoxide ion. Under this aspect, the 
tendency of pyrylium cations to undergo nucleophilic addition 
seems qualitatively higher than that of pyridinium cations 
under similar conditions.21 Further work will be necessary in 
order to assess quantitatively this tendency.

The possibility of rapid interconversions between the re
action products (isomeric pyrans and/or dienones) has some 
implication on the chemistry of pyrylium and related het
eroaromatic cations in the sense that the relative reactivities 
of different positions in these cations cannot be immediately 
related to the yield of the respective addition product. Under 
this view, an important role is also played by the nature of the 
medium, which can strongly affect the rate of return of the 
adducts to the starting reagents, allowing the easy detection 
of the less stable reaction products in the media containing 
minor amounts of the hydroxylic solvent.

E x p e r im e n ta l  S e c t io n

Published procedures were followed for the synthesis of the per
chlorates of l 22 and 2.23 We found it convenient to purify these salts 
by dissolving them in the least amount of dry acetonitrile and pre
cipitating with dry ethyl ether.

Electronic spectra were recorded on a Perkin-Elmer 402 instru
ment; molar absorption coefficients of 1 and 2 in methanol were re
corded in the presence of HCIO4 in order to avoid the methanolysis 
reaction. NMR experiments at 60 MHz were done on a Jeol C60-HL 
instrument; the spin-tickling experiment at 90 MHz was done on an 
HX90 Bruker apparatus. Since the perchlorates of 1 and 2 are poorly 
soluble in methanol, the NMR spectra of the reaction products can 
be conveniently recorded upon addition of an equivalent amount of 
sodium methoxide to a suspension of the perchlorates in this solvent 
(20-30 mg in 0.5 mL of CD3OD). This operation brings about the 
complete solubilization of the substrates. In order to avoid any in
terference of the signals of the products with those of any residual light 
methanol, the reagent was freed from CH3OH by alternating several 
times vacuum pumping and addition of CD3OD.

Isolation of Adducts. General Procedure. To a solution of the 
perchlorate of 1 or 2 in acetonitrile (ca. 5 X 10~2 M) was added an 
equivalent amount of potassium methoxide as a 2.8 M solution in 
methanol. The solvents were rapidly removed under reduced pressure 
at room temperature, and the organic materials were dissolved in CCI4 
or ethyl ether. The oily residue of evaporation was induced to crys
tallize by scratching or prolonged cooling. Attempted purification of 
these solids by recrystallization or chromatography led to decompo
sition.

Adduct from 1: mp 54-66 °C dec; MS, weak peak at m/e 264 cor
responding to the molecular peak from a 1:1 adduct between 1 and 
CH3O- , intense peak (base peak) at m/e 233 (M — OCH3)+, and ab

sence of peaks beyond m/e 264. The NMR spectrum (CCI4) is in ac
cordance with the formation of 4if-pyran 3 (Table I), except for the 
somewhat higher intensity of the phenyl region, presumably related 
to the overlapping with phenyl groups of otherwise undetected side 
products.

Adduct from 2: mp 65-75 °C dec; MS, weak peak at m / e  294 (M+ 
of 1:1 adduct), intense peak at m/e 263 (M -  OCH3)+, and absence 
of peaks beyond m/e 294. The NMR spectrum (CCI4) shows the 
presence of 4H-pyran adduct 4 and a minor amount of 2,5-diphe- 
nyl-4-pyranone.
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S y n t h e s i s  o f  3 - A r y l - 5 - b r o m o - 2 ( 5 i î ) - f u r a n o n e s 1

Mark T. Edgar, George R. Pettit,* and Thomas H. Smith

C a n c e r  R e s e a r c h  I n s t i t u t e  a n d  D e p a r t m e n t  o f  C h e m i s t r y ,  A r i z o n a  S t a t e  U n i v e r s i t y ,  T e m p e ,  A r i z o n a  8 5 2 8 1

R e c e i v e d  F e b r u a r y  1 4 ,  1 9 7 8

A synethetic route to 3-aryl-5-bromo-2(5H)-furanones (7) based on treating a methyl 2-aryl-4-oxobutyrate (5) with 
bromine in acetic acid has been developed. The methyl 2-aryl-4-oxobutyrates were prepared in high yield by the 
following sequence: alkylation of an arylacetic acid using lithium diisopropylamide and allyl bromide, esterification 
with diazomethane to yield a methyl 2-aryl-4-pentenoate (4), and ozonolysis (4 -*■ 5).

Continued interest in the synthesis of cardenolides2 and simpler 2(5/i)-furanones4>5 for antineoplastic and/or cyto-
isocardenolides3 for biological evaluation led us to consider toxicity studies. Semonsky and co-workers6 have examined
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a series of 2(5H)-furanones of the 5-substituted mucohalic 
acid type for anticancer activity. Generally, the 5 substituent 
consisted of an aryl group or a side chain containing an aryl 
group. Among such lactones 3,4-dichloro-5-(p-methoxy- 
phenyl)-2(5/i)-furanone was found to display significant 
antineoplastic activity.

In the present study we explored the synthesis of the hith
erto unknown 3-aryl-5-halo-2(5H)-furanones. A workable 
synthetic route was discovered7 during an attempt to prepare 
ethyl 2-ethyl-4-oxo-2-butenoate by allowing bromine to react 
with ethyl 2-ethyl-4-oxobutyrate followed by addition of 
lithium chloride. Instead of the expected butenoate, a series 
(Scheme I) of 3-ethyl-5-halo-2(5H)-furanones (1) was isolated. 
Furanone lc was isolated from a reaction sequence where 
lithium chloride was not used. The furanones were obtained 
(silica gel chromatography) as oils and were only moderately 
stable at 0 °C. Consequently, the structures of these furanones 
were not confirmed by elemental analyses and biological 
evaluation was not pursued. Efforts to improve the yields of 
the 3-ethylfuranones by conducting the reactions at high 
dilution or in chloroform containing p-toluenesulfonic acid 
were not successful, and attention was focused on obtaining 
the presumably more stable 3-arylfuranones.

While ethyl 2-ethyl-4-pentenoate was readily available via 
a malonic ester synthesis,8 the necessary alkyl 2-aryl-4-pen- 
tenoates required development of a convenient route.9 The 
main step involved (Scheme II) alkylation of an arylacetic acid 
with allyl bromide based on a procedure outlined by Creger10 
for alkylating alkylacetic acids. The resulting acid was easily 
converted to the methyl ester 4 using diazomethane.11

Conversion of the methyl 2-aryl-4-pentenoates (4) to an 
aldehyde derivative (5) was originally accomplished employing 
ozone in an aprotic solvent followed by reduction of the ozo- 
nide with zinc and acetic acid. Reduction of the ozonide was 
found slow and somewhat unpredictable. Application of the 
Pappas12 procedure by performing the ozonization in meth
anol and reduction of the resulting hydroperoxide with methyl 
sulfide afforded reasonable yields of the aldehyde. The methyl
2- aryl-4-oxobutyrates (see supplementary material) were 
stable at -11 °C for several months, but if exposed to air at 
25 °C for several weeks they oxidized13 to methyl esters of 
phenylsuccinic acids (6). Since the aldehydes were somewhat 
unstable, the 2,4-dinitrophenylhydrazone14 derivatives were 
used to determine elemental composition. When bromine was 
rapidly added to methyl 2-phenyl-4-oxobutyrate in acetic acid, 
the deep red solution became yellow in about 1 h and the fu
ranones were isolated as oils by silica gel chromatography to 
afford, in order of elution, 3-phenyl-5,5-dibromo-2(5/i)- 
furanone (7a), 3-phenyl-5-bromo-2(5/i)-furanone (7b), and
3- phenyl-5-acetoxy-5-bromo-2(5/f)-furanone (7c). Rechro
matography of a more polar fraction gave 3-phenyl-5- 
bromo-5-hydroxy-2(5H)-furanone (7d).15

Scheme II

b, R  = H ; Y  = H
c, R  = H ; Y  = O Ac
d, R  = H ; Y  = OH
e, R = Cl; Y = H
f, R  = F ; Y  = H

In a similar manner (Scheme II), methyl 2-(p-chlorophe- 
nyl)-4-oxobutyrate led to 3-(p-chlorophenyl)-5-bromo- 
2(5H)-furanone (7e) and methyl 2-(p-fluorophenyl)-4-oxo- 
butyrate afforded methyl 3-(p-fluorophenyl)-5-bromo- 
2(5/i)-furanone (7f).16 Here lactones 7e and 7f were the major 
products isolated. In both reaction sequences other products 
were formed, but isolation proved to be too difficult for 
practical purposes. With the methyl 2-(p-fluorophenyl)-4- 
oxobutyrate bromination products, at least two or three ad
ditional compounds were produced during silica gel chroma
tography. However, once the 3-arylfuranone was isolated, 
decomposition was not observed. In fact, sublimation at 80 
°C (under vacuum) was used to purify furanones 7a and 7e. 
A mechanism has been suggested (Scheme III) to account for 
the products observed from the bromination sequence.17

Slow addition of small aliquots of bromine to a solution of 
methyl 2-(p-fluorophenyl)-4-oxobutyrate in glacial acetic acid 
resulted in the formation of methyl 2-(p-fluorophenyl)-3- 
formylacrylate (8). The formylacrylate, isolated as long yellow 
needles, was of sufficient stability to allow full characterization 
but underwent slow decomposition. The bromination of 
methyl 2-(p-methoxyphenyl)-4-oxobutyrate (5d) was sus
pended when only complex mixtures were obtained, probably 
a result of phenyl ring bromination. Similarly, reactions with 
methyl 2-(3,,4',5'-trimethoxyphenyl)-4-pentenoate were not 
pursued further.

The 'H NMR spectra of the 5-disubstituted and 5-mono- 
substituted 3-arylfuranones showed the aromatic protons as 
complex multiplets. The 5-disubstituted furanones displayed 
one vinyl proton (C-4) at 5 6.81,6.92, and 6.12 for lactones 7a, 
7c, and 7d, respectively. These values compared well with 
those noted for 3-ethyl-5,5-dibromo-2(5/i)-furanone (lc, b 
6.72), 3-ethyl-5-acetoxy-5-bromo-2(5/i)-furanone (le, 5 6.81),
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Scheme III

7d 7a

and 3-ethyl-5-bromo-5-ethoxy-2(5//)-furanone (Id, b 5.91). 
The apparent shielding effects of the 5-ethoxy and 5-hydroxy 
groups (Id and 7d) on the C-4 hydrogen may be caused by a 
shift of the double bond ir cloud toward C-4 due to the oxygen 
electronegativity. On the other hand, the 5-acetoxy derivative 
7c could deshield the C-4 hydrogen by an anisotropic effect. 
Interestingly, replacement of the 3-ethyl substituent with an 
aryl group only deshielded the C-4 hydrogen by about 0.1 
ppm.

For the 5-monosubstituted furanones, 5-bromo-2(5//)- 
furanone18 proved to be a good model system. The C-4 and C-5 
hydrogens of 5-bromo-2(5//)-furanone have been reported 
to resonate at b 7.80 and 7.08 with a coupling constant of 1.3 
Hz. The (5 7.08 signal for the C-5 hydrogen of 5-bromo- 
2(5/7)-furanone compared well with the values of b 6.94, 7.08, 
and 7.08 observed for 3-phenyl-5-bromo-2(5//)-furanone (7b),
3-(p-chlorophenyl)-5-bromo-2(5//)-furanone (7e), and 3- 
(p-fluorophenyl)-5-bromo-2(5//)-furanone (7f), respectively. 
As observed earlier, the phenyl ring has only a minor effect 
on the vinyl hydrogen, and the more distant C-5 hydrogen 
should exhibit an even smaller shift. The vinyl hydrogen sig
nals of furanones 7b, 7e, and 7f were located at & 7.62,7.69, and 
7.64, respectively, and they relate fairly well to the vinyl hy
drogen signal (S 7.80) of 5-bromo-2(5//)-furanone. The vinyl 
protons for the 5-disubstituted furanones were decidely up- 
field from those of the 5-monosubstituted lactones. Again this 
would appear to be the consequence of 7r-cloud polarization. 
The two electronegative C-5 substituents should shift the tt 
cloud more toward C-4, thereby further shielding the C-4 
proton.

The 5-disubstituted furanone mass spectra were charac
terized by the initial loss of either C-5 substituent; however, 
elimination of a bromine radical was preferred. Following the 
loss of bromine, carbon monoxide was twice expelled and the 
remaining C-5 substituent was lost, producing an arylacetyl-

ene. The order of these steps differed for each type of com
pound. Arylacetylene formation was evident for each furanone 
and methyl 2-(p-fluorophenyl)-3-formylacrylate (8). With
3-phenyl-5-acetoxy-5-bromo-2(5/f)-furanone (7c) the major 
fragmentation pathway encompassed initial loss of ketene 
followed by cleavage of a bromine radical, C 02H, and carbon 
monoxide to produce phenylacetylene.

The monosubstituted furanones invariably lost the 5-bromo 
group from the molecular ion followed by two successive losses 
of carbon monoxide. Alternatively, the second carbon mon
oxide elimination can be superseded by loss of CHO. In ad
dition, the mo.ecular ion for the 5-monosubstituted furanones 
can expel carbon dioxide. The intensity of this very weak ion 
decreased in the order 3-phenyl > 3-(p-chlorophenyl) > 3- 
(p-fluorophenyl). These fragmentation pathways were com
parable to those deduced for the 3-ethylfuranones.

Preliminary screening of the 3-arylfuranones (7) and their 
precursors for cytotoxicity was carried out by the National 
Cancer Institute using the P388 murine lymphocytic leukemia 
and KB (human nasopharynx carcinoma) in vitro cell lines, 
but no significant activity was found. Before any conclusion 
can be reached about antineoplastic activity, further evalua
tion of furanones 7 against several in vivo tumor lines will be 
necessary.

Experimental Section
Reagents and solvents (ligroin refers to a fraction boiling at ap

proximately 60 CC) used in this s'.udy were obtained from J. T. Baker 
Chemical Co., Mallinckrodt, Inc., Aldrich Chemical Co., and MC/B 
Manufacturing Chemists, with the exception of A-methyl-lV-nitro- 
sourea and n-bucyllithium which were provided by Fairfield Chemical 
Co. and Thiokol Corp. (Ventron Division), respectively. All solvents 
were redistilled, and solvent extracts were dried over magnesium 
sulfate. Tetrahydrofuran was distilled from sodium hydride or lithium 
aluminum hydride. Silica gel F-254 (0.25 mm E. Merck, Darmstadt) 
plates were used for thin-layer chromatography, and the plates were 
visualized with UV light or an anisaldehyde-sulfuric acid-glacial 
acetic acid (1:2:97) spray. Column chromatography employed silica 
gel (70-230 mesh) supplied by E. Merck. In each case the silica gel/ 
substrate ratio was 50:1. Deuteriochloroform was used as solvent and 
tet.ramethylsilane as an internal standard for nuclear magnetic res
onance measurements (by Dr. J. Witschel, Varian XL-100 and T-60A 
instruments). The mass spectra (70 eV) were recorded by Mr. E. 
Kelley employing Atlas CH-4B and SM-1B instruments. Melting 
points (uncorrected) were taken on a Kofler melting point apparatus. 
Elemental analyses were determined by Spang Microanalytical 
Laboratory, Ann Arbor, Mich.

Ethyl 2-Ethyl-4-oxobutyrate. Ethyl 2-ethyl-4-pentenoate8 (9.0 
g, 0.058 mol) was placed in chloroform (100 mL) and treated with 
ozone (3%) at -4 0  °C for 1.5 h until a blue color appeared. Z.nc (5 g) 
in glacial acetic acid (20 mL) was added, and the mixture was stirred 
at 0 °C for 1 h. The solution was filtered and poured into water (100 
mL). The organic layer was separated, washed with 5% sodium bi
carbonate, and dried. The solvent was removed to yield 8.4 g (93%) 
of ethyl 2-ethyl-4-oxobutyrate. The product was converted14 to the
2,4-dinitrophenylhvdrazone, mp 79-81 °C.

Anal. Calcd for C14Hi8N40 6: C, 49.70; H, 5.32; N, 16.57. Found: C, 
49.86; H, 5.42; N, 16.67.

Bromination Dehydrobromination of Ethyl 2-Ethyl-4-oxo- 
butyrate. Ethyl 2-ethyl-4-oxobutyrate (8.4 g, 0.053 mol) was dissolved 
in glacial acetic acid (30 mL). Bromine (8.5 g, 0.053 mol) was added 
over 30 min, and the solution was stirred at 24 °C for one day. The 
reaction mixture was poured into water (100 mL) and extracted with 
chloroform. The combined extract was washed with 10% sodium 
thiosulfate, water, and 5% sodium bicarbonate and dried. Solvent was 
removed, and the 12.3 g of pale yellow oil was placed in dimethyl- 
formamide (50 mL). Lithium chloride (10 g) was added, and the 
mixture was stirred under nitrogen at 100 °C for 1 h. The reaction 
mixture was pojred into water (150 mL) and then ext.ractee with li
groin. The extracts were combined and dried, and the solvent was 
removed to yield 2.30 g of a yellow liquid. Purification by silica gel 
chromatography (70 g; benzene) afforded the following products in 
order of their elution: 1.19 g of 3-ethyl-5-bromo-5-chloro- 
2(5i/)-furanone (lb) and 3-ethyl-5,5-dichloro-2(5H)-furanone
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( la) as a 4:1 mixture [IR (neat) 1790,1650,1010,940,910,800 cm x; 
]H NMR 5 1.14 (t, 3 H), 2.42 (q, 2 H), 6.41 (s, 1 H); mass spectrum, m/e 
(relative intensity) 228 (1), 226 (6), 224 (4), 195 (6), 189 (34), 180 (6), 
161 (2), 151 (20), 145 (100), 117 (8), 109 (10), 81 (25), 65 (46)]; 3- 
ethyl-5-bromo-5-ethoxy-2(5if)-furanone (Id) (0.313 g) [IR (neat) 
1770,1660,1180, 960,940, 860 cm“ 1; >H NMR 5 1.0-1.5 (two sets of 
overlapping triplets, 6 H), 2.40 (q, 2 H), 3.86 (q, 2 H), 5.91 (s, 1 H); 
mass spectrum, m/e (relative intensity) 236 (59), 234 (56), 207 (91), 
205 (81), 191 (100), 189 (90), 162 (35), 160 (39), 155 (81), 111 (81), 109
(38), 83 (60), 81 (64), 65 (55), 53 (66)]; and 3-ethyl-5-acetoxy-5- 
bromo-2(5fl)-furanone (le) (0.246 g) [IR (neat) 1765,1740 sh, 1660, 
1210,1000, 945,875 cm -1; !H NMR 5 1.18 (t, 3 H), 2.1-2.5 (m, 5 H), 
2.20,6.81 (s, 1 H); mass spectrum (70 eV), m/e (relative intensity) 247 
(M -1 ,1 ), 206 (6), 205 (6), 189 (29), 188 (28), 169 (37), 161 (3), 160 (10), 
127 (59), 109 (16), 99 (13), 81 (56), 65 (50), 43 (100), 29 (78)].

Brommation of Ethyl 2-Ethyl-4-oxobutyrate. Ethyl 2-ethyl-
4-oxobutyrate (5 g, 0.032 mol) was placed in glacial acetic acid (25 
mL). Bromine (5.5 g, 0.35 mol) was added over 20 min, and the solu
tion was stirred at 24 CC for 6 h. The reaction mixture was poured into 
water (75 mL) and extracted with chloroform. The combined extract 
was washed with 5% sodium bicarbonate, water, 10% sodium thio
sulfate, and water and dried. The solvent was removed to yield 6.5 g 
of pale yellow liquid. Isolation by silica gel chromatography (180 g; 
benzene) afforded the following: 3-ethyl-5,5-dibromo-2(5ff)-fu- 
ranone ([C( (49.2 mg) [IR (neat) 1780,1640,1000, 940,880 cm-1; HI 
NMR 6 1.14 (t, 3 H), 2.42 (q, 2 H), 6.72 (s, 1 H); mass spectrum, m/e 
(relative intensity) 192 (18), 191 (100), 190 (17), 189 (77), 123 (29), 121
(26), 111 (15), 82 (22), 81 (24), 66 (42), 65 (51), 53 (55)]; and ethyl 
2-ethyl-3,3-dibromo-4-oxobutyrate (1.45 g) [XH NMR 51.00 (t, 3 
H), 1.24 (t, 3 H), 1.90 (2 H), 3.18 (t, 1 H), 4.22 (q, 2 H), 9.18 (s, 1 
H)].

General Procedure 1. Synthesis of Methyl 2-Aryl-4-pente- 
noates. A four-neck round-bottom flask (1000 mL) was equipped with 
a reflux condenser, mechanical stirrer, thermometer (held in contact 
with the flask contents by a ground glass joint), addition funnel, and 
nitrogen source. To the flask was added tetrahydrofuran (350 mL), 
diisopropylamine (11.0 mL, 0.15 mol), and sodium hydride (9.6 g of 
a 50% oil dispersion, 0.20 mol). The arylacetic acid (0.15 mol) in tet
rahydrofuran (50 mL) was added with stirring over a 20-min period. 
The resulting gelatinous slurry was heated at reflux for 20 min to 
complete metalation of the arylacetic acid. At this time the addition 
funnel was replaced by a septum and the white slurry was cooled, 
under a brisk nitrogen flow, to 10 °C. Injection of n-butyllithium (2 
M in heptane, 75 mL, 0.15 mol) into the flask was done at a rate that 
maintained the temperature at 10 °C or less. After stirring for 10 min 
at 10 °C, allyl bromide (25.4 mL, 0.15 mol) was added while main
taining the temperature at or below 10 °C. The reaction mixture was 
stirred at 10 °C for 15 min and then at 25 °C for 1 h. Water (200 mL) 
was slowly added to the reaction flask. The organic layer was removed, 
and the remaining aqueous layer was washed with ether, acidified to 
pH 2 with 6 N HC1, and extracted with ether. The combined ether 
extract was washed with a saturated sodium chloride solution, dried, 
and concentrated to leave the 2-aryl-4-pentenoic acid as an oil. Dia
zomethane11 was slowly added to a solution of the crude 2-aryl-4- 
pentenoic acid in 1,2-dimethoxyethane (50 mL) at 10 °C until an 
excess of diazomethane was present. The solvent was removed in 
vacuo, leaving an oily residue which was purified by vacuum distil
lation.

Methyl 2-Phenyl-4-pentenoate (4a). Application of general 
procedure 1 to phenvlacetic acid (20.4 g, 0.15 mol) provided an oil 
which distilled at 98-104 °C (0.5 mm) to provide 24.7 g (86.6%) of ester 
4a as a colorless liquid.

Anal. Calcd for C,2H140 2: C, 75.76; H, 7.46. Found: C, 75.41; H, 
7.30.

Methyl 2-(p-FIuorophenyl)-4-pentenoate (4b). Extension of 
general procedure 1 to p-fluorophenylacetic acid (95% pure; 25.0 g, 
0.15 mol) furnished a dark brown oil. Distillation at 76-79 °C (0.3 mm) 
gave 29.7 g (95%) of ester 4b as a colorless oil.

Anal. Calcd for Ci2H,3F0 2: C, 69.25; H, 6.25; F, 9.13. Found: C, 
69.24; H, 6.30; F, 9.28.

Methyl 2-(p-Chlorophenyl)-4-pentenoate (4c). Use of general 
procedure 1 with p-chlorophenylacetic acid (26.4 g, 0.15 mol) pro
duced a clear brown oil. Distillation at 84-86 °C (0.20 mm) gave 23.9 
g (70.9%) of ester 4c as a slightly yellow oil.

Anal. Calcd for C12H13C102: C, 64.15; H, 5.83; Cl, 15.78. Found: C, 
64.09; H, 5.86; Cl, 15.67.

Methyl 2-(p-Methoxyphenyl)-4-pentenoate (4d). Using pro
cedure 1, p-methoxyphenylacetic acid (24.9 g, 0.15 mol) afforded, after 
distillation at 90-92 °C (0.1 mm), 24.6 g (74.4%) of ester 4d as a col
orless oil.

Methyl 2-(3',4',5'-Trimethoxyphenyl)-4-pentenoate (4e). By
means of general procedure 1, 3,4,5-trimethoxyphenylacetic acid (8.20 
g, 0.034 mol) was alkylated and esterified to give a yellow oil. Distil
lation at 174-176 °C (3 mm) gave 5.8 g (61%) of ester 4e as a pale 
yellow oil.

Anal. Calcd for Ci5H2o05: C, 64.27; H, 7.19. Found: C, 64.24; H,
7.25.

General Procedure 2. Synthesis of Methyl 2-Aryl-4-oxo- 
butyrates. An excess of ozone was bubbled through a solution of the 
methyl 2-aryl-4-pentenoate in methanol at -7 8  °C. After excess ozone 
was removed by passing nitrogen through the solution, methyl sulfide 
(30% excess) was introduced and the cold solution was allowed to 
warm to 25 °C. After stirring for 3-5 h at 25 °C, the solvent was re
moved to give an oil. Vacuum distillation of this oil afforded dimethyl 
sulfoxide and the methyl 2-aryl-4-oxobutyrate.

Methyl 2-Phenyl-4-oxobutyrate (5a). Application of general 
procedure 2 to methyl 2-phenyl-4-pentenoate (28.1 g, 0.15 mol) in 
methanol (500 mL) furnished a colorless oil which was distilled to give 
dimethyl sulfoxide at 50-60 °C (0.7 mm) and aldehyde 5a (22.6 g, 
78.5%) at 104-105 °C (0.7 mm) as a colorless oil.

The 2,4-dinitrophenylhydrazone derivative of aldehyde 5a was 
synthesized in the usual manner to yield, upon recrystallization from 
ethanol (100%), orange needles, mp 135-136 °C.

Anal. Calcd for Ci7H16N40 6: C, 54.84; H, 4.33; N, 15.05. Found: C, 
54.83; H, 4.26; N, 15.03.

Methyl 2-(p-Fluorophenyl)-4-oxobutyrate (5b). Adoption of 
general procedure 2 to methyl 2-(p-fluorophenyl)-4-pentenoate (10.0 
g, 0.048 mol) in methanol (275 mL) resulted in a colorless oil. Distil
lation of this oil afforded dimethyl sulfoxide at 50 °C (0.17 mm) and 
aldehyde 5b (7.30 g, 72.4%) at 100-103 °C (0.17 mm) as a colorless
oil.

Elemental microanalysis was performed on the 2,4-dinitrophen
ylhydrazone derivative of aldehyde 5b, which was recrystallized (5 
times) from ethanol (100%), resulting in orange needles, mp 158-159 
°C.

Anal. Calcd for Ci7H15FN40 6: C, 52.31; H, 3.87; F, 4.87; N, 14.35. 
Found: C, 52.36; H, 3.85; F, 4.92; N, 14.37.

Methyl 2-(p-Chlorophenyl)-4-oxobutyrate (5c). Utilization 
of general procedure 2 with methyl 2-(p-chlorophenyl)-4-pentenoate 
(20.0 g, 0.089 mol) in methanol (200 mL) gave a brown oil which was 
distilled to yield dimethyl sulfoxide (42 °C, 0.3 mm) and aldehyde 5c 
(15.9 g, 78.7%) at 108-110 °C (0.06 mm) as a colorless oil.

The 2,4-dinitrophenylhydrazone derivative of aldehyde 5c was 
synthesized and recrystallized several times from ethanol (100%) to 
produce orange needles, mp 164.5-165.5 °C.

Anal. Calcd for C17H15C1N40 6: C, 50.20; H, 3.72; Cl, 8.72; N, 13.77. 
Found: C, 50.38; H, 3.51; Cl, 8.71; N, 13.79.

Methyl 2-(p-Methoxyphenyl)-4-oxobutyrate (5d). Employing 
general procedure 2 with methyl 2-(p-methoxyphenyl)-4-pente- 
noate (22.0 g, 0.10 mol) in methanol (500 mL) gave a light yellow oil 
which slowly darkened at 25 °C. Distillation of this oil gave dimethyl 
sulfoxide (50 °C at 1.4 mm) and aldehyde 5d (16.2 g, 73%) at 159-163 
°C (1.3 mm) as a colorless oil.

Elemental analytical data was obtained for the 2,4-dinitrophen
ylhydrazone derivative of aldehyde 5d. Three recrystallizations from 
ethanol (100%) gave orange needles, mp 159-160 °C.

Anal. Calcd for C18Hi8N40 7: C, 53.73; H, 4.51; N, 13.93. Found: C, 
53.74; H, 4.58; N, 14.04.

Methyl Ester of Phenylsuccinie Acid (6a). Carboxylic acid 6a 
was produced by exposing methyl 2-phenyl-4-oxobutyrate to air for 
about 3 weeks. During this time the liquid aldehyde began to solidify, 
yielding a colorless solid. Recrystallization (several times) from 
chloroform-ligroin yielded colorless prisms of acid 6a (yield ca. 50%), 
mp 100-101 °C.

Anal. Calcd for CiiHj20 4: C, 63.46; H, 5.80. Found: C, 63.40; H,
5.75.

Methyl Ester of p-Fluorophenylsuccinic Acid (6b). When 
methyl 2-(p-fluorophenyl)-4-oxobutyrate (2.2 g) was exposed to air 
at 25 °C for more than 2 months, only an oil resulted (in contrast to 
aldehyde 5a). However, the oil solidified upon seeding with a few small 
crystals of acid 6b from a previous experiment. A solution of the solid 
in hot chloroform was mixed with hexane until turbidity was observed. 
Slow cooling to 25 °C produced colorless crystals. The process was 
repeated three times to afford needles (0.81 g), mp 103-105 °C.

Anal. Calcd for Cu H nF04: C, 58.40; H, 4.91; F, 8.40. Found: C, 
58.42; H, 4.87; F, 8.42.

Methyl Ester of p-Chlorophenylsuccinic Acid (6c). As noted 
for aldehyde 5a, methyl 2-(p-chlorophenyl)-4-oxobutyrate solidified

Anal. Calcd for Ci3H160 3: C, 70.89; H, 7.32. Found: C, 69.85; H,
6.97.19
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after exposure to air (25 °C) for several weeks. The solid recrystallized 
from chloroform-ligroin, furnishing acid 6c as colorless crystals, mp
129-130 °C.

Anal. Calcd for CiiHuC104: C, 54.45; H, 4.57; Cl, 14.61. Found: C, 
54.25; H, 4.54; Cl, 14.77.

Bromination of Methyl 2-Phenyl-4-oxobutyrate (5a). Bromine 
(1.3 g, 8.4 mmol) was quickly added to a stirred solution of aldehyde 
5a (1.6 g, 8.4 mmol) in glacial acetic acid (13 mL). In approximately
1 h the deep red solution turned light yellow. Stirring was continued 
for 20 h at 25 °C. The reaction mixture was diluted with water (20 mL) 
and extracted with chloroform, and the combined extract was washed 
with 10% sodium bicarbonate, water, and 10% sodium thiosulfate. 
Removal of solvent led to 1.21 g of a yellow oil. Silica gel chromatog
raphy (chloroform) afforded the following products in order of elution. 
The first product, 3-phenyl-5,5-dibromo-2(5if)-furanone (7a; 
0.233 g), was purified by a single sublimation (72 °C at 0.15 mm) that 
resulted in colorless crystals: mp 65-65.5 °C; IR (KBr) 3000, 1765, 
1620,1485,1435,1290,1265,1178,1080,1020,1000,990,943,878,775, 
748,734,690,680 cm“ 1; !H NMR 5 6.81 (s, 1 H, vinyl CH), 7.40-7.86 
(m, 5 H, aromatic); mass spectrum, m/e (relative intensity) 320 (6), 
318 (13), 316 (6), 240 (19), 239 (100), 238 (19), 237 (99), 211 (16), 209 
(17), 183 (16), 181 (17), 129 (8), 102 (53); UV Amax (EtOH, 100%) 264 
nm (t 10 200).

Anal. Calcd for CioH6Br20 2: C, 37.77; H, 1.90; Br, 50.26. Found: C, 
37.78; H, 1.87; Br, 50.22.

The second product, 3-phenyl-5-bromo-2(5ff)-furanone (7b;
0.103 g), was crystallized from hexane to give colorless crystals: mp
82.5-83.5 °C; IR (KBr) 3000,1775,1620,1495,1440,1315,1255,1182, 
1090,1062, 980,930, 858,785, 743 cm“ 1; 'H  NMR 5 6.94 (d, 1 H, J =
2 Hz, CH), 7.38-7.49 (m, 3 H, aromatic), 7.62 (d, 1 H, J = 2 Hz, vinyl 
CH), 7.79-7.89 (m, 2 H, aromatic); mass spectrum, m/e (relative in
tensity) 240 (3), 238 (3), 196 (2), 194 (11), 160 (36), 159 (100), 139 (2), 
137 (9), 131 (29), 103 (66), 102 (44); UV Amax (EtOH, 100%) 273 nm 
(t 9900). High-resolution mass spectrum: calcd for CioH779Br0 2, 
237.9630; found, 237.9628; calcd for Ci0H781BrO2, 239.9610; found, 
239.9642.

The third product, 3-phenyl-5-acetoxy-5-bromo-2(5ii)-fura- 
none (7c; 0.081 g), was recrystallized from pentane and resulted in 
colorless plates: mp 80.5-81.0 °C; IR (KBr) 3100,3000,1770 br, 1660, 
1600,1495. 1440,1420,1378,1340,1298,1198,1165,1118,1047,984, 
952, 915, 870, 785, 765, 752, 697 cm’ 1; >H NMR 6 2.18 (s, 3 H, 
CH2C 02), 6.92 (s, 1 H, vinyl CH), 7.40-7.52 (m, 3 H aromatic), 
7.74-7.88 (m, 2 H, aromatic); mass spectrum, m/e (relative intensity) 
298 (15), 296 (15), 256 (29), 254 (31), 239 (12), 237 (12), 217 (<1), 183
(14), 181 (14), 176 (14), 175 (59), 174 (100), 145 (77), 131 (22), 130 (27), 
129 (42), 102 (65); UV Amax (EtOH, 100%) 272 nm (t 10 500).

Anal. Calcd for Ci2H9Br04: C, 48.52; H, 3.05; Br, 26.89. Found: C, 
48.64; H, 3.05; Br, 26.91.

Finally, the column was washed with chloroform-methanol (10:1), 
furnishing a fraction (ca. 0.330 g) composed of two components. Silica 
gel chromatography (ethyl acetate) of this mixture led to a tan tar 
(0.215 g) and a minor compound (0.013 g) not further identified. The 
major product, 3-phenyl-5-bromo-5-hydroxy-2(5iT)-furanone 
(7d), crystallized from chloroform-hexane as colorless crystals: mp 
100-101 °C; IR (KBr) 3400 br, 1760,1640,1600,1490,1440,1325,1295, 
1125,1000, 975, 863, 770, 743, 688 cm“ 1; 'H NMR b 5.50 (broad s, 1 
H, exchanges with D20, OH), 6.12 (s, 1 H, vinyl CH), 7.20-7.91 (m, 
5 H, aromatic); mass spectrum, m/e (relative intensity) 256 (9), 254
(11), 240 (5), 238 (5), 175 (21), 159 (9), 148 (14), 147 (20), 131 (43), 130 
(100), 129 (96), 102 (86); UV Amax (EtOH, 100%) 286 nm (t 15 000).

Anal. Calcd for Ci0H7BrO3: C, 47.09; H, 2.77; Br, 31.32. Found: C, 
46.86; H, 3.13; Br, 31.24.

Bromination of Methyl 2-(p-ChIorophenyl)-4-oxobutyrate
(5c). To a solution of methyl 2-(p-chlorophenyl)-4-oxobutyrate (8.0 
g, 0.035 mol) in glacial acetic acid (100 mL) was added bromine (5.6 
g, 0.035 mol) in glacial acetic acid (80 mL). The deep red solution 
turned light yellow in 30 min. After stirring for 7 h, the reaction 
mixture was diluted with water (500 mL) and extracted with chloro
form. The combined chloroform extract was washed with water, 10% 
sodium bicarbonate, and 10% sodium thiosulfate. Subsequent drying 
and solvent removal led to a yellow oil (9.6 g) comprised of four 
compounds (TLC; ligroin-acetone, 4:1). The oil was dry-loaded on 
a column of silica gel. Elution with ligroin-acetone (4:1) yielded a 
yellow oil (2.2 g) as the major component (also highest Rf). This 
compound was found to be 3-(p-chlorophenyl)-5-bromo-2(5ii)- 
furanone (7e) and was further purified by crystallization from 
ether-pentane followed by sublimation of the resulting yellow solid 
at 80 °C (0.01 mm). Finally, recrystallization of the colorless powder 
from ether-pentane resulted in colorless plates: mp 115-116 °C; IR 
(KBr) 3078, 2973,1761,1608,1580,1488,1405,1307,1295,1243,1170,

1087,1060,1010,970,918,880,830,756,665 cm“ 1; 7H NMR <5 7.08 (d, 
1 H, J = 2 Hz, CH), 7.38-7.56 (m, 2 H, aromatic), 7.69 (d, 1 H, J  = 2 
Hz, vinyl CH), 7.82-7.99 (m, 2 H, aromatic); mass spectrum, m/e 
(relative intensity) 276 (4), 274 (2), 272 (2), 230 (1), 228 (2), 222 (3), 
221 (17), 220 (16), 215 (5), 214 (6), 206 (5), 196 (7), 195 (40), 194 (22), 
193 (100), 180 (18), 165 (12), 139 (19), 138 (14), 137 (49), 136 (27); UV 
Xmax (EtOH, 100%) 283 nm (e 12 300).

Anal. Calcd for Ci0H6BrClO2: C, 43.91; H, 2.21; Br, 29.22; Cl, 12.96. 
Found: C, 43.85; H, 2.16; Br, 29.20; Cl, 12.96.

Bromination of Methyl 2-(p-Fluorophenyl)-4-oxobutyrate 
(5b). Bromine (4.00 g, 0.025 mol) in glacial acetic acid (10 mL) was 
rapidly introduced into a solution of methyl 2-(p-fluorophenyl)-4- 
oxobutyrate (5.25 g, 0.025 mol) in glacial acetic acid (90 mL). After 
1 h the deep red solution began to lighten. Continued stirring for 17 
h at 25 °C produced a pale yellow solution. The crude product was 
isolated as described for lactone 7e. Solvent removal provided a light 
yellow oil (4.58 g) which solidified at -1 0  °C. Purification by silica 
gel chromatography (dry-loaded; ligroin-acetone, 4:1) furnished a 
yellow solid (ca. 1.74 g) that proved to be 3-(p-fluorophenyl)-5- 
bromo-2(5Ff)-furanone (7f). The lactone was decolorized with acti
vated charcoal and recrystallized from acetone-hexane to provide 
colorless plates: mp 97-98 °C; IR (KBr) 3100,1760,1620,1601,1510, 
1310,1293,1245,1175,1160,1115,1063, 974, 953, 885,838, 670 cm "1; 
H NMR 5 7.08 (d, 1 H, J  = 2 Hz, CH), 7.20-7.33 (m, 2 H, aromatic),

7.64 (d, 1 H, J = 2 Hz, vinyl CH), 7.84-8.10 (m, 2 H, aromatic); mass 
spectrum, m/e (relative intensity) 258 (2), 256 (2), 178 (29), 177 (100), 
159 (2), 150 (3), 149 (37), 122 (12), 121 (69), 120 (54), 101 (38); UV Amax 
(EtOH, 100%) 282 nm (e 9100).

Anal. Calcd for C10H6BrFO2: C, 46.72; H, 2.35; Br, 31.08: F, 7.39. 
Found: C, 46.83; H, 2.32; Br, 31.14; F, 7.50.

Methyl 2-(p-Fluorophenyl)-3-formylacrylate (8). To a stirred 
solution of methyl 2-(p-fluorophenyl)-4-oxobutyrate (6.12 g, 0.029 
mol) in glacial acetic acid (50 mL) was added bromine (4.63 g, 0.029 
mol) in glacial acetic acid (50 mL) in 10-mL increments over a 2.3-h 
period. Additional bromine-acetic acid solution was not added to the 
reaction mixture until the color (deep red) from the previous addition 
became light yellow. Immediately after the color had disappeared 
from the last bromine-acetic acid addition, water (200 mL) was added 
and the resulting solution extracted with chloroform. The combined 
extract was washed with water, saturated sodium bicarbonate solu
tion, 10% sodium thiosulfate, and water. The chloroform solution was 
dried (sodium sulfate), and the solvent was removed to afford a yellow 
oil (2.28 g) that was subjected to silica gel chromatography (hexane- 
ethyl acetate, 9:1). The first compound eluted was identified as olefin 
8 (0.434 g). Recrystallization from pentane afforded yellow needles: 
mp 64-65 °C; IR (KBr) 3100,2850 sh, 2750 sh, 1725,1675,1600,1510, 
1430,1395,1250,1160,1108,1025,910,838,767, 737 cm“ 1; 'H  NMR 
b 3.86 (s, 3 H, OCH3), 7.00 (d, 1 H, J = 8 Hz, vinyl CH), 7.19-7.51 (m, 
4 H, aromatic), 9.66 (d, 1 H, J = 8 Hz, CHO); mass spectrum, m/e 
(relative intensity) 208 (13), 181 (6), 180 (73), 179 (11), 177 110), 160
(7), 149 (21), 136 (6), 135 (23). 133 (8), 122 (14), 121 (100), 120 (43); 
UV Amax (EtOH, 100%) 288 nm (e 7200).

Anal. Calcd for CnHgFOs: C, 63.46; H, 4.36; F, 9.13. Found: C, 63.43; 
H, 4.34; F, 9.14.

Acknowledgment. This investigation was supported by 
Public Health Services Research Grant No. CA-16049-02 and 
CA-16049-03 from the National Cancer Institute, the Fannie
E. Rippel Foundation, Mrs. Mary Dell Pritzlaff, Talley In
dustries (Mesa, Ariz.), the Phoenix Coca-Cola Bottling Co. 
(Phoenix, Ariz.), and the Valley of the Sun Kiwanis Club 
(Phoenix, Ariz.).

Registry No.— la, 67031-03-2; lb, 67031-02-1; lc, 67031-04-3; Id, 
67031-05-4; le, 67031-06-5; 4a, 14815-73-7; 4b, 67031-08-7; 4c, 
67031-09-8; 4d, 67031-10-1; 4e, 67031-11-2; 5a, 67031-12-3; 5a DNP, 
67031-13-4; 5b, 67031-14-5; 5b DNP, 67031-15-6; 5c, 67031-16-7; 5c 
DNP, 67031-17-8; 5d, 67031-18-9; 5d DNP, 67031-19-0; 6a, 54897- 
85-7; 6b, 67031-20-3; 6c, 67031-21-4; 7a, 67031-07-6; 7b, 67030-93-7; 
7c, 67030-92-6; 7d, 67030-91-5; 7e, 67030-90-4; 7f, 67030-98-2; 8, 
67030-97-1; ethyl 2-ethyl-4-oxobutyrate, 67030-96-0; ethyl 2-ethyl-
4-pentenoate, 67030-95-9; ethyl 2-ethyl-4-oxobutyrate DNP, 3601-
51-2; ethyl 2-ethyl-3,3-dibromo-4-oxobutyrate, 67030-94-8; phenyl- 
acetic acid, 103-82-2; p-fluorophenylacetic acid, 405-50-5; p-chloro- 
phenylacetic acid, 1878-66-6; p-methoxyphenylacetic acid, 104-01-8;
3,4,5-trimethoxyphenylacetic acid, 951-82-6.

Supplementary Material Available: Complete IR, NMR, and 
mass spectral data are available for compounds 4-6 (4 pages). Or
dering information is given on any current masthead page.
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Nitrosyl chloride and nitrosyl bromide are formed by an efficient halide/alkoxide exchange between titanium te- 
trahalides and alkyl nitrites. Complete replacement of halide by alkoxide occurs and results in the formation of tita
nium tetraalkoxides. Reactions of primary aliphatic amines with in situ generated nitrosyl halides in iV,iV-dimeth- 
ylformamide effectively minimizes elimination, rearrangement, and oxidation processes normally encountered in 
alternate diazotization procedures and facilitates product recovery in high yield. Comparative results for the diazo
tization of benzylamine by nitrosyl chloride generated from selected metal halides and fert-butyl nitrite are re
ported; the generality of chloride/alkoxide exchange for the early transition metal halides is indicated. Diazotiza
tion of primary aliphatic amines by in situ generated nitrosyl chloride in dimethylformamide produces unrear
ranged alkyl chlorides, alcohols, and formate esters.

Methods for deaminaton of aliphatic amines by nitrosyl 
halides have received considerably less attention than corre
sponding processes that employ nitrous acid or dinitrogen 
tetroxide.3 The gaseous nitrosyl halide reagents require special 
handling techniques and, as is characteristic in diazotization 
reactions of primary aliphatic amines, generally effect the 
production of complex reaction mixtures in moderate 
yields.4-6 In chemical operations that employ nitrosyl halides 
in aprotic media, these reagents are generated externally and 
then passed into the reaction solution from a collection vessel 
employed to measure the volume of the nitrosyl halide. 
Methods for in situ generation of nitrosyl halides, based on 
known reactions of hydrogen halides with sodium nitrite,7 
dinitrogen tetroxide,8 or alkyl nitrites,9 have not been ad
vanced for use in deaminaton or addition procedures due to 
their production of potentially interfering byproducts;10 in 
addition, excess amounts of hydrogen halides are often used 
to facilitate nitrosyl halide formation or to avoid the normally 
complex stoichiometric measurement of the gaseous acid. In 
this paper we report general methods for in situ generation 
of nitrosyl chloride and nitrosyl bromide that avoid the 
complexities usually observed with the use of hydrogen ha
lides.

ftiI^-a?fi3/7fi/I94d-4120$!)1.00/0

In his recent thorough examinations of deamination reac
tions of aliphatic amines by nitrosyl chloride at low temper
atures in aprotic media, Bakke11 identified five principal re
action pathways of the intermediate alkyldiazonium chlorides: 
chloride substitution, elimination, rearrangement, displace
ment by solvent, and diazoalkane formation (eq 1-5).

RCH2CH2N2+C1- — RCH2CH2C1 + N2 (1) 

RCH2CH2N2+C1- — RCH=CH2 + HC1 + N2 (2) 

RCH2CH2N2+C1- — RCHCICH3 + N2 (3) 

RCH2CH2N2+C1- + Sol: — RCH2CH2-Sol+Cl- + N2 (4) 

RCH2CH2N2+C1- -  RCH2C H =N 2 + HC1 (5)

Reactions were performed at —70 °C in ether solvents to 
minimize rearrangement and, under these conditions, the 
process represented by eq 1 was dominant (88% of products 
from eq 1-4).11 a In hydrocarbon and chlorocarbon solvents, 
however, the production of both aldehydes and oximes, pre
sumed formed from the corresponding nitrosoalkane, was 
dominant.110 These and prior reports of diazotization effi
ciency in reactions of aliphatic amines with nitrosyl chloride

©  1978 American Chemical Soeiptv
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Table I. Product Yields from Reactions of Benzylamine with Titanium Tetrachloride-tert-Butyl Nitrite in 
_________________________________________ Dimethylformamide“

[C6H5CH2NH2l/[TiCl4l
relative yield, %b isolated 

yield, %cC6H5CH2C1 C6H5CH2OH C6H5CH20 2CH C6H5CHO
10.0 41 59 0 0 37
4.00 72 25 1 2 88
3.33 73 24 1 2 90
3.33d 68 28 2 2 94
2.00 77 20 1 2 98
1.00 80 17 1 2 99

a Unless indicated otherwise, reactions were performed at 25 0 C by adding 10 mmol of benzylamine to the combination of titanium 
tetrachloride and 10 mmol of tert-butyl nitrite in 50 mL of DMF. b Based on the isolated yield of these products as determined by 
GC and NMR analyses. From duplicate runs experimentally determined percentage yields were accurate to within ±2% of the reported 
values. c Combined actual yield of benzyl chloride, benzyl alcohol, benzyl formate, and benzaldehyde. d Reaction was performed at 
25 °C by adding 10 mmol of tert-butyl nitrite to the combination of titanium tetrachloride and 10 mmol of benzylamine in 50 mL of 
DMF.

describe a multiplicity of reaction pathways that cast doubt 
on the general usefulness of this reagent in deamination pro
cedures. However, diazotization reactions that employ nitrosyl 
halides in dipolar aprotic solvents (solvent media expected 
to moderate the reactivity of the nitrosyl halides and signifi
cantly modify the reaction pathways for deamination) have 
not been reported. Results from reactions between aliphatic 
amines and in situ generated nitrosyl halides in these solvents 
are described in this paper. The use of N.A'-dimethylform- 
amide as the reaction solvent effectively minimizes elimina
tion, rearrangement, and oxidation processes in deamination 
reactions and facilitates product recovery in high yield.

Results and Discussion
In Situ Generation of Nitrosyl Halides. Halides of the 

early transition metal series exhibit a marked sensitivity 
toward moisture that reflects both the lability of the metal- 
halogen bond to solvolytic substitution and the tendency of 
these metals to form strong metal-oxygen bonds.13 As Lewis 
acids14 these metal halides form stable adducts with electron 
donor ligands such as nitriles, tertiary amines, and ethers that 
are also sensitive to nucleophilic substitution of halide.13 
These properties of the early transition metal halides (Lewis 
acidity, lability of metal-halogen bonds, and comparative 
strength of metal-oxygen bonds) are precisely those required 
for effective halide/oxide interchange. However, although 
numerous methods for the generation of nitrosyl chloride from 
dinitrogen tetroxide or alkyl nitrites and a variety of inorganic 
halides have been reported,10'15 there is a surprising absence 
of similar information for the early transition metal ha
lides.

We have found that titanium tetrachloride reacts rapidly 
with alkyl nitrites at or above 0 °C to form nitrosyl chloride. 
In contrast to comparable uncatalyzed reactions of titanium 
tetrachloride with alcohols in which only two of the four 
chloride substituents of titanium are effectively exchanged,16 
use of an equivalent amount of alkyl nitrite (based on chloride) 
results in quantitative chloride/alkoxide interchange.

TiCR + 4RONO — Ti(OR)4 + 4NOC1 (6)

Both isopentyl nitrite and tert-butyl nitrite exhibit similar 
reactivities in reactions with titanium tetrachloride.

Nitrosyl chloride was identified by its characteristic nitrosyl 
infrared absorption.17 Titanium tetra-fert-butoxide was 
formed in reactions between tert-butyl nitrite and 0.25 molar 
equiv of titanium tetrachloride and, even without elaborate 
precautions, the purified product could be isolated in yields 
that were comparable to those from the standard, but more 
complex, process involving the use of anhydrous ammonia.18 
Thus reactions of alkyl nitrites with titanium tetrachloride

serve not only as a convenient preparative method for nitrosyl 
chloride but, also, as a superior process for the formation of 
the tetravalent alkoxides of titanium. Nitrosyl bromide is 
similarly produced from the combination of alkyl nitrites and 
titanium tetrabromide, but titanium tetrafluoride is unreac- 
tive toward alkyl nitrites and no evidence for nitrosyl fluoride 
formation could be obtained. The generality of halide/alkoxide 
or amide exchange for the in situ generation of a wide variety 
of reactive halide reagents from the early transition metal 
halides is currently under investigation.

Diazotization of Benzylamine. The utility of the titanium 
tetrachloride-alkyl nitrite generative method for the pro
duction of nitrosyl chloride was evaluated through investi
gations of amine diazotization reactions. Because of the 
complexity of products and the relatively low yields of sub
stitution products in prior investigations of nitrosyl chloride 
diazotization reactions, we were surprised to find that ben
zylamine was converted to benzyl chloride and benzyl alcohol 
nearly quantitatively in reactions with nitrosyl chloride per
formed at 25 °C in dimethylformamide (Table I). Benzyl 
formate and benzaldehyde were also observed, but in a com
bined yield of less than 4%; neither benzyl tert-butyl ether nor 
dibenzyl ether were detected. The mole ratio of evolved gas 
to amine was 1.0 when at least 1 equiv of nitrosyl chloride was 
employed. These deamination reactions were characteristi
cally exothermic; the reaction temperature was controlled by 
the slow addition of the amine to the solution containing ni
trosyl chloride or by the slow addition of tert-butyl nitrite to 
the amine-titanium tetrachloride combination in solution. 
The mode of addition had no apparent effect on the yield of 

-isolated products.
Results from a stoichiomet ric study (Table I) of the reaction 

between benzylamine and nitrosyl chloride (formed by the 
combination of tert-butyl nitrite and titanium tetrachloride) 
established the dependence of the benzyl chloride/benzyl 
alcohol product ratio on the relative molar amount of titanium 
tetrachloride employed. These results suggest that the water 
produced in the diazotization reaction was partially trapped 
by a chlorotitanium compound and, consequently, inhibited 
from reaction with the benzyldiazonium ion. The use of 
phosphorus pentoxide to effect a similar result in nitrosyl 
halide deamination reactions has recently been described.19 
Alternatively, hydrogen chloride produced by hydration of 
titanium tetrachloride may have been responsible for the 
higher benzyl chloride/benzyl alcohol product ratio at the 
lower benzylamine/titanium tetrachloride ratios. Control 
experiments established that benzyl chloride was not formed 
in reactions between benzyl alcohol and titanium tetrachloride 
under the same conditions.20

The dramatic effect of solvent on the products from 
deamination of benzylamine by nitrosyl chloride is evidenced
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Table II. Product Yields from Reactions of Benzylamine 
with Titanium Tetrachlorine-tert-Butyl Nitrite in

Aprotic Solvents0_____________________

isolated
relative yield, %b yield,

solvent C6H5CH2C1 C6H5CH2OH C6HsCHO

(CH3)2NCHO 81 17 2 98 d
[(CH3)2N]3PO 76 22 2 74

c h 3cn 30 18 2 83°
(CH3CH2)20 78 17 5 64

C6Hb 66 22 12 65/
c h 2ci2 69 14 17 78

a Reactions were performed at 25 °C by adding 10 mmol of 
benzylamine to the combination of titanium tetrachloride (10 
mmol) and iert-butyl nitrite (10 mmol) in 50 mL of the aprotic 
solvent. b Based on the isolated yields of these products as de
termined by GC and NMR analyses.c Combined actual yield of 
benzyl chloride, benzyl alcohol, and benzaldehyde. d Benzyl 
formate was formed in 1% yield. e N- Benzylacetamide was pro
duced in 3% yield, f Diphenylmethane was formed in 6% yield.

by the data presented in Table II. The most significant dif
ferences are found in isolated product yields and in the per
centage yield of benzaldehyde. Higher yields of substituted 
products, benzyl chloride and benzyl alcohol, are formed from 
reactions performed in dipolar aprotic solvents. Solvents such 
as benzene and methylene chloride that are less capable of 
stabilizing the reaction intermediates formed by diazotization 
of benzylamine promote oxidation. Both nitrous oxide and 
nitric oxide are produced during the deamination of benzyl
amine in methylene chloride. The formation of these gaseous 
products suggests that benzaldehyde is formed by direct ox
idation of benzylamine.21

C6H5CH2NH2 + NOC1 -  C6H5CH =N H 2+ Cl- + HNO
(7)

Disproportionation of nitrosyl hydride to nitrous oxide and 
water22 or subsequent reaction of nitrosyl hydride with ni
trosyl chloride to form nitric oxide23 accounts for the observed 
gaseous products.

Products from solvent interception of the benzyl cation 
were evident, although as minor constituents of the reaction 
mixtures, in reactions performed in dimethylformamide, 
acetronitrile, and benzene (Table II). The production of 
benzyl formate is consistent with the process outlined in eq 
8.

C6H5CH2N2+ + HCON(CH3)2

^  C6H5CH2OCH=N+(CH3)2 

h 2o
— ► C6H5CH2OCHO (8)

Although alkyl ethyl ethers have been detected in low-tem
perature nitrosyl chloride deaminations of aliphatic amines 
in ethyl ether, !la>24 benzyl ethyl ether was not observed as a 
product from reactions performed at 25 °C in this study. 
Corresponding solvent-intercepted products from reactions 
in hexamethylphosphoramide were not isolated.

The generation of nitrosyl chloride from dinitrogen te- 
troxide or alkyl nitrites by reactions with a wide variety of 
metal halides, including aluminum chloride and stannic 
chloride,100 has been reported. However, the comparative 
facility of these conversions has not been determined. In ad
dition, metal halides of the early transition metal series such 
as tantalum pentachloride form stable complexes with nitrosyl 
chloride25 that may be expected to significantly modify the

reactions and reactivities of nitrosyl chloride. To compare the 
utility of these methods for nitrosyl chloride production with 
the titanium tetrachloride-alkyl nitrite generative method, 
the deamination of benzylamine in dimethylformamide has 
been investigated. The results from this study are presented 
in Table III. Data for the hydrogen chlorde-ierf-butyl nitrite 
deamination process are provided for comparison.

The combination of aluminum chloride, ferric chloride, or 
stannic chloride and tert -butyl nitrite in dimethylformamide 
at 25 °C did not result in the formation of nitrosyl chloride in 
observable amounts. Product yields from benzylamine 
deaminations were characteristically low, and relatively high 
yields of benzaldehyde were obtained. In contrast, hydrogen 
chloride and representative metal halides of the early tran
sition series uniformly produced nitrosyl chloride. Addition 
of benzylamine to these reaction media effected a rapid and 
quantitative evolution of gas and resulted in the production 
of high yields of substitution products. The ratios of benzyl 
chloride to benzyl alcohol for deamination reactions 
employing comparable amounts of titanium tetrachloride and 
molybedénum pentachloride were nearly identical at the low 
molar ratios of benzylamine to MX,,. Hydrogen chloride and 
tantalum pentachloride exhibited similar capabilities in 
forming benzyl chloride at the expense of benzyl alcohol, 
presumably by substitutive conversion of benzyl alcohol to 
benzyl chloride.26 Complete chloride/alkoxide exchange is 
observed from the combination of either molybdenum pen
tachloride or tantalum pentachloride with 5.0 molar equiv of 
tert -butyl nitrite in diazotization reactions with benzylamine; 
in contrast, only three of the six chlorides of tungsten hexa- 
chloride are effectively utilized, and results similar to those 
from the stannic chloride promoted diazotization are obtained 
when the molar ratio of benzylamine to WCÜ6 is 6.0.

The addition of benzylamine to nitrosyl bromide generated 
from tert-butyl nitrite and 0.25 molar equiv of titanium tet- 
rabromide in dimethylformamide at 0 °C results in low 
product recovery (55% isolated yield) and the dominant pro
duction of benzaldehyde (51% relative yield). The low product 
recovery is predictably due to the utilization of 2 molar equiv 
of the nitrosyl compound for oxidative formation of benzal
dehyde. Although alteration of the mode of addition through 
treatment of the combination of benzylamine and 0.25 molar 
equiv of titanium tetrabromide at 0 °C with tert-butyl nitrite 
results in a decreased yield of benzladehyde (20% relative 
yield, 65% isolated yield of products), only when an equivalent 
amount of titanium tetrabromide is employed do the product 
yields resemble those from nitrosyl chloride diazotization of 
benzylamine: 70% benzyl bromide, 22% benzyl alcohol, 2% 
benzyl formate, and 6% benzaldehyde (94% isolated yield). 
Nitrosyl bromide is apparently a more active oxidant than is 
nitrosyl chloride. However, complexation of the amine with 
titanium tetrabromide is effective in minimizing hydrogen 
abstraction from the a position of the amine.

Diazotization of Primary Aliphatic Amines. The supe
rior capability of nitrosyl chloride in dimethylformamide to 
effect deamination of aliphatic primary amines is evident from 
the results presented in Table IV. Comparative data are given 
for reactions in which nitrosyl chloride is generated from the 
combination of tert-butyl nitrite with tantanium tetrachlo
ride, tantalum pentachloride, and hydrogen chloride. Reac
tions that employ the tert-butyl nitrite-titanium tetrachloride 
combination do not exhibit capabilities for substitutive con
versions of alcohols to alkyl halides that are evident in reac
tions that utilize tantalum pentachloride or hydrogen chloride. 
Product accountability is high in these deaminative conver
sions, the yields of aldehyde products are low (< 2%), elimi
nation is a minor competitive process (<4%), and there is a 
notable absence of rearranged products (< 1%). However, in 
contrast to deamination reactions of benzylamine, the for-
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Table III. Product Yields from Reactions of Benzylamine with tert-Butyl Nitrite and Selected Metal Halides in 
_________________________________________________ Dimethylformamide11

[C6H5CN9NH2I/ ________________________ relative yield, %b_________________________ isolated
MC1„ IMC1„J C6H5CH2C1 c6h 5c h 2o h C6H5CH2OzCH C6H5CHO yield, %'

HC1 d 84 12 3 1 88
A1CL-7 1.0 75 15 1 9 35
TiCLt 1.0 80 17 1 2 99
FeCl/ 1.0 28 57 7 8 61
M0CI5 1.7 81 15 1 3 78
SnCl4 1.0 10 8 3 80 40
TaCIs 1.0 88 3 2 7 85
WC16 1.5 81 13 4 2 90

“ Unless indicated otherwise, reactions were performed at 25 °C by adding 10 mmol of benzylamine to the combination of the metal 
halide and 10 mmol of tert-butyl nitrite in 50 mL of DMF. b Based on the isolated yield of these products as determined by GC and 
NMR analyses. From duplicate runs, experimentally determined percentage yields were accurate to within ±3% of the reported values. 
c Combined actual yield of benzyl chloride, benzyl alcohol, and benzaldehyde. d Reaction performed at 0 °C after passing gaseous 
hydrogen chloride through the reaction solution (100 mL) for 5 min (30 mL/min) prior to the addition of benzylamine. e Identical 
results were obtained when tert-butyl nitrite was added to the combination of aluminum and benzylamine. f Slow evolution of gas 
after addition of amine. Reaction solution was heated to 65 °C after complete gas evolution was observed at 25 °C.

Table IV. Product Yields from Reactions of Primary Amines with tert-Butyl Nitrite and Selected Metal Halides in
Dimethylformamide“

__________________relative yield, %b__________________
isolated

amine
registry

no. MC1„
[RNH2]/
[MC1„] RCH2C1

registry
no.

RCH2-
OH

registry
no.

RCH20 2-
CH

registry
no.

yield,
%c

CgHsCHaCHoNHa 64-04-0 TiCl4 4.0d 76 622-24-2 10 104-62-1 14 4830-93-7 82
TaCIs 2.5 80 8 12 59
HC1 e 79 5 16 54

C6H5(CH2)3CH2NH2 13214-66-9 TiCl4 4.0 59 4830-93-7 19 3360-41-6 22 67421-63-0 807
CH3(CH2)6CH2NH2 111-86-4 TiCl4 3.3 53 111-85-3 22 111-87-5 25 112-32-3 72

TaClg 2.5 48 28 24 71
HC1 e 64 13 23 79

CH3(CH2)8CH2NH2 2016-57-1 TiCl4 3.3 52 1002-69-3 21 112-30-1 27 5451-52-5 77
TaCIs 2.5 58 9 33 66
HC1 e 62 7 31 84

0 Unless indicated otherwise, reactions were performed at 25 °C by adding 10 mmol of the amine to the combination of metal halide 
and 10 mmol of tert-butyl nitrite in 50 mL of DMF. b Based on the isolated yield of these products as determined by GC analyses. 
From duplicate runs, experimentally determined percentage yields were within ±2% of the reported values for reactions with TiCR 
and TaCIs and within ±4% of the reported values for RCH2CI and RCH2OH for reactions with hydrogen chloride. c Combined actual 
yield of reported products. The yields of secondary alkyl chloride and secondary alcohol were less than 0.5% for reactions with TiCR 
and were 1-3% for reactions with hydrogen chloride and TaCR. Yields of styrene from reactions of 2-amino-l-phenylethane were less 
than 2%; olefin yields (>95% terminal alkene) from reactions of 1-aminodecane, 1-aminooctane, and l-amino-4-phenylbutane were 
2-4%. d Nearly identical results were obtained with [RNH2]/[TiCl4] = 3.3 (isolated yield = 75%). E Reaction performed at 0°C after 
passing gaseous hydrogen chloride through the reaction solution (100 mL) for 5 min (30 mL/min) prior to the addition of amine, 7 Tetralin 
was not produced under these reaction conditions.

mation of formate esters is an important product-forming 
process. The production of formate esters in remarkably 
consistent yields, despite the variation in reaction condi
tions,28 indicates that interception of the intermediate dia
zonium ion by dimethylformamide (eq 9) is not a reversible 
process.29

RCH2N2+ + HCON(CH3)2
— RCH2OCH =N +(CH3)2 + Nz (9)

Variation of the reaction temperature from —15 °C does not 
appreciably affect the relative yield of formate ester formed 
by nitrosation of l-amino-2-phenylethane in dimethylform
amide.30

Reactions of titanium tetrachloride/ferf-butyl nitrite 
generated nitrosyl chloride with l-amino-2-phenylethane and 
with 1-aminodecane in acetonitrile or in benzene result in a 
considerably greater yield of rearranged products than those 
observed from comparable reactions in dimethylformamide. 
In acetonitrile at 25 °C, 7-13% of the alkyl chloride (60% yield) 
and 40-60% of the alcohol (10% yield) products result from

1,2-hydrogen transfer. In benzene at 25 °C, 7-10% of the alkyl 
chloride (58% yield) and 55-65% of the alcohol (8% yield) 
products result from 1,2-hydrogen transfer. In addition, both 
rearranged and unrearranged acetamide products (6:8, 14% 
yield) are produced from reactions of nitrosyl chloride with 
1-aminodecane in acetronitrile. Thus, the use of dimethyl
formamide as the reaction solvent for nitrosyl chloride dia- 
zotizations of primary aliphatic amines minimizes structural 
rearrangement and elimination as well as oxidation. However, 
a multiplicity of product-forming pathways remain. Methods 
for the effective control of this product distribution through 
selective capture of diazotization reaction intermediates are 
currently under investigation.

Experimental Section
General. Instrumentation has been previously described.31 Ana

lytical gas chromatographic analyses were performed on a Varian 
Aerograph Model 2720 gas chromatograph with thermal conductivity 
detectors; a Varian Model 485 digital integrator was used to determine 
peak areas. Use was made of 5-7-ft columns of 10% DEGS, 20% SE-30, 
and 20% Carbowax 20M, all on Chromosorb P. tert -Butyl nitrite was
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prepared from tert-butyl alcohol according to the procedure of 
Noyes;32 isopentyl nitrite was obtained commercially. The amines 
that were employed in this study were commerically available and 
were used without prior purification. Titanium tetrafluoride, tetra
chloride, and tetrabromide, tantalum pentachloride, molybdenum 
pentachloride, and tungsten hexachloride were obtained commercially 
from Alfa and were stored in a desiccator. Reagent grade N,N-di- 
methylformamide, acetronitrile, hexamethylphosphoramide, and 
benzene were distilled from calcium hydride prior to their use as re
action solvents. Ethyl ether was distilled from lithium aluminum 
hydride.

Nitrosyl Chloride. To 4.74 g of titanium tetrachloride (0.025 mol) 
in 25 mL of benzene contained in a three-necked flask fitted with a 
gas bubbler, a reflux condenser joined to a gas trap cooled to -78  °C, 
and a rubber septum was added 10.3 g of tert -butyl nitrite (0.100 mol) 
over a 20-min period. Dry nitrogen was slowly bubbled through the 
reaction solution during the addition and continued until the dark 
orange-red solution color disappeared. The reaction temperature was 
maintained at 25 °C. The volume of nitrosyl chloride collected in the 
cold trap was 3.8 mL which corresponded to an 82% isolated yield of 
product. IR analysis of the collected gas showed exact correspondance 
with published spectra of nitrosyl chloride.17

In separate experiments the combination of titanium tetrachloride 
and 4 molar equiv of tert -butyl nitrite in carbon tetrachloride, ace
tonitrile, and dimethylformamide was analyzed by IR spectroscopy. 
Although nitrosyl chloride formation was rapid at temperatures above 
0 °C, the reaction was substantially slower at -1 0  °C. The conversion 
of titanium tetrachloride and tert-butyl nitrite to nitrosyl chloride 
was estimated to be only 25% complete after 1 h at —10 °C.

Titanium Tetra-tert-butoxide. tert-Butyl nitrite (10.3 g, 0.100 
mol) was added to 2.75 mL of titanium tetrachloride (4.75 g, 0.025 
mol) in 30 mL of carbon tetrachloride at room temperature over a 
15-min period. After addition was complete, nitrosyl chloride and 
carbon tetrachloride were removed under reduced pressure and the 
resulting solution was vacuum distilled through a 12.5-cm Vigreux 
column. The fraction boiling at 74 °C (0.50 Torr) was collected, and 
this colorless transparent liquid was identified as titanium tetra- 
tert-butoxide by comparison of its physical and spectral properties 
with those reported in the literature18’33 (4.63 g, 55% yield).

In separate experiments titanium tert-butoxide and titanium 
isopentoxide were identified from reactions between the corre
sponding alkyl nitries and titanium tetrachloride and tetrabromide 
in dimethylformamide by 1H NMR spectroscopy. The shift in the 
-CH 2O - proton absorption from b 4.28 (CH2ONO) to 4.75 was im
mediate following addition of isopentyl nitrite to the titanium tet- 
rahalide in dimethylformamide at 37 °C.

Diazotization of Primary Aliphatic Amines. General Proce
dure. Reaction solutions of titanium tetrachloride in dimethyl
formamide were prepared by three methods: (a) direct addition of the 
desired weight of the moisture-sensitive liquid reagent to dimethyl
formamide, (b) use of a separately prepared saturated solution of the 
yellow TiCLi-2DMF adduct13b which by silver nitrate gravimetric 
titration was determined to be 0.60 ±  0.05 M in titanium tetrachloride 
at 25 °C, or (c) direct employment of the solid TiCl4-2DMF adduct.24 
Results obtained for diazotination of benzylamine in dimethylform
amide were independent of the method of reaction solution prepa
ration. For the preparation of reaction solutions of titanium tetra
chloride in solvents other than dimethylformamide, direct addition 
by syringe was employed. The solid reagents titanium tetrabromide, 
tantalum pentachloride, molybdenum pentachloride, tungsten hex
achloride, aluminum chloride, and ferric chloride were rapidly 
weighed in the reaction flask prior to addition of dimethylformamide. 
All glassware was oven dried prior to use with these moisture-sensitive 
reagents.

To a rapidly stirred solution of the metal halide in 40 mL of the 
appropriate solvent maintained at 25 °C in a three-necked flask fitted 
with a reflux condenser, gas outlet tube, and rubber septum was added 
the appropriate amount of the alkyl nitrite in 5 mL of the reaction 
solvent. An immediate color change to orange-red was observed. The 
primary aliphatic amine in 5 mL of the reaction solvent was then 
added to this reaction solution over a 20-min period. In dimethyl
formamide a color change from orange-red to yellow was observed 
during the addition of the amine.35 Gas evolution was immediate, 
continued throughout the addition, and was complete within 5 min 
following complete addition of the amine. Total gas evolution was 
measured on the closed system by water displacement from a cali
brated gas buret. For reactions in dimethylformamide the yield of 
gaseous products was 220 ±  20 mL (based upon 10.0 mmol of the 
limiting reagent). After complete gas evolution, the reaction solution 
was poured into 200 mL of 20% aqueous hydrochloric acid and ex

tracted with two 100-mL portions of ether. The organic layer was 
washed once with 100 mL of aqueous hydrochloric acid, the resulting 
ether solution was dried over anhydrous magnesium sulfate, and the 
ether was removed under reduced pressure. Ether solutions containing 
volatile products were distilled at atmospheric pressure through a 12.5 
cm Vigreux column.

For reactions performed with hydrogen chloride, the dry gaseous 
acid was bubbled through a gas trap containing mineral oil and into 
a transparent solution of tert -butyl nitrite (10.0 mmol) in 100 mL of 
dimethylformamide at -1 0  °C for 5 min at 30 mL/min. A color change 
from yellow to orange was observed as the solution became saturated 
with hydrogen chloride. Addition of the amine in 20 mL of dimeth
ylformamide to the reaction solution from an addition funnel pro
duced an initial rise in the reaction temperature to 0 °C that was 
maintained at that temperature by slow addition of the amine over 
a 20-min period. The addition of gaseous hydrogen chloride was 
continued until amine addition was complete. As in the previously 
described reactions, a color change from orange to yellow was observed 
during the addition of the amine. After complete addition of the 
amine, the reaction mixture was allowed to warm up to room tem
perature and was then subjected to the previously described product 
isolation procedures.

Product Analyses. Structural assignments for the products pro
duced in diazotization reactions were made following extraction by 
'H NMR spectral comparisons and GC retention time and peak en
hancement with authentic samples. To ensure accurate determination 
of the extent of rearrangement in diazotization reactions of 1- 
amino-2-phenylethane in dimethylformamide, the reaction mixture 
was fractionally distilled and analyzed by 1H NMR spectroscopy; 
within detection limits no 1-phenylethyl product was detected. 
Symmetrical ethers, nitrite esters, nitriles, and geminal dihalides were 
not observed as reaction products from amine diazotization reactions. 
Formate esters were identified by NMR and IR spectroscopy fol
lowing isolation of these products from their reaction solutions by GC 
separation. The gaseous products from nitrosation of benzylamine 
in methylene chloride were identified by infrared spectral analysis.

Product yields were determined by GC analyses for the reactions 
reported in this study. Prior to workup a weighed amount of dibenzyl 
ether or diphenylmethane was added to the reaction mixture as an 
internal standard. The average integrated area ratio from at least two 
GC traces was employed in each yield determination. Absolute yields 
were calculated with the use of experimentally determined thermal 
conductivities for each of the alkyl halides, alcohols, formate esters, 
and aldehydes examined by this method. Thermal conductivity ratios 
were determined immediately prior to product analyses to ensure 
accuracy in these calculations. Olefin yields were determined by 
NMR spectral analyses.
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The previously inaccessible v-triazolo[l,5-a]quinoxaline 5-oxide (3), s-triazolo[4,3-c]quinoxaline 5-oxide (6), and 
tetrazolo[l,5-a]quinoxaline 5-oxide (7) ring systems have been prepared from TV-oxide precursors. Previous at
tempts by others to prepare these compounds by N-oxidation of the appropriate azoloquinoxalines led to C-4 oxi
dation instead of N-oxidation. This study shows that by introducing the TV-oxide function at an early stage in the 
synthetic sequence, the problem of ring carbon oxidation at C-4 is avoided.

Although the chemistry of s-triazolo[4,3-c]quinoxalines 
has been extensively studied1“10 and there is one report11 
concerning the preparation of the r-triazolo[l,5-o]quinoxaline 
ring system, the corresponding TV-oxides in either system have 
not been prepared. Similarly, tetrazolo[l,5-a]quinoxalines are 
known,12-13 but the TV-oxides are not. Attempts by others to 
prepare these TV-oxides by oxidation of the known azoloqui
noxalines with hydrogen peroxide in acetic acid, alkaline po
tassium permanganate, or acidic chromic anhydride resulted 
in oxidation at C-4 instead of N-oxidation (eq l ).1 We rea-

R = H, CH3; X  = CH

H

(1)

soned that these compounds could be prepared from ¿V-oxide 
precursors, thereby avoiding the necessity for N-oxidation at

a late stage in the synthesis. Until recently, there were few 
methods available for the selective synthesis of suitable 3- 
substituted quinoxaline 1-oxide (1) precursors, but it has been 
demonstrated in these laboratories that certain quinoxaline
1,4-dioxides bearing an electron-withdrawing group in the 2 
position can be selectively monodeoxygenated to afford good 
yields of the desired starting materials.14 Following this con
cept, we have developed general procedures for the synthesis 
of j'-triazolo[l,5-a]quinoxaline 5-oxides (3), s-triazolo[4,3- 
cjquinoxaline 5-oxides (6), and tetrazolo[l,5-a]quinoxaline
5-oxides (7).

None of the known methods for preparing r-triazolopyri- 
dine and r-triazoloquinoline derivatives15“17 proved to be 
satisfactory for the preparation of the corresponding qui
noxaline analogues. Eventually, we succeeded in obtaining 
i'-triazolo[l,5-a]quinoxaline 5-oxides (3) by modifying a 
procedure for preparing a-pyridyldiazomethane N-oxides.18’19 
The requisite 3-substituted quinoxaline 1-oxides (1) were 
available from the corresponding quinoxaline 1,4-dioxides by 
selective monodeoxygenation.14 Treatment of 1 withp-tolu- 
enesulfonylhydrazine in methanol gave the tosylhydrazones

0022-3263/78/1943-4125$01.00/0 © 1978 American Chemical Society
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in high yield (eq 2). In most cases, stirring a methanolic solu
tion of 2 with 1 equiv of sodium methoxide led to the forma-

1 2

N a O C H 3
(2)

3
a, R = R' = H; b, R = CH3, R' = H; c, R = R ’ = CH3

tion of the i/-triazolo[l,5-a]quinoxalines. However, when R 
= R' = CH3, the sodium salt of the tosylhydrazone was iso
lated instead. Heating this salt in dimethylformamide at 100 
°C led to the corresponding triazole. Conversion of the tos- 
ylhydrazones to the triazoles occurred in good yields.

The triazoles were characterized on the basis of their 
spectral properties and combustion analysis. For example, the 
NMR spectrum of 3a (R = R' = H) exhibits a singlet at 5 9.20 
(H-4), a multiplet at <5 8.50 (H-6 and H-9), a singlet at 5 8.37 
(triazole H), and a multiplet at 5 8.00 (H-7 and H-8). By 
comparison, the triazole ring proton in r-triazolo[l,5-a]- 
quinoline appears as a singlet at 0 8.04.16 The mass spectrum 
of 3a exhibits a molecular ion at m/e 186 with principal frag
ments at m/e 170 (M+ — O) and 158 (M+ — N2). No absorption 
due to the diazo tautomer (ca. 2000 cm-1) was detected in the 
infrared spectrum of 3a. The other compounds of the type 3 
exhibit similar spectral properties.

From a consideration of the methods available for the 
preparation of s-triazolo[4,3-c]quinoxalines,2’3 we felt that 
the corresponding N-oxides (6) would be accessible through 
similar chemistry. The requisite 3-hydrazinoquinoxaline 1- 
oxide (5) was prepared in 63% yield by the action of hydrazine 
hydrate on 3-chloroquinoxaline 1-oxide (4).20 Heating 5 in

refluxing triethyl orthoformate gave 6a in 61% yield, while 
heating 5 in acetic acid gave 6b in 30% yield. Attempts to 
prepare 6c from 5 and benzoyl chloride in refluxing pyridine 
led only to benzoylation of the hydrazino moiety, and the re
sulting hydrazide resisted cyclization.

We have used intermediate 5 to also prepare tetraa- 
zolo[l,5-a]quinoxaline 5-oxide (7a), in 60% yield, by diazoti- 
zation in aqueous acetic acid. Alternatively, displacement of 
4 by sodium azide in Me2SO gave 7a in 46% yield. None of the

O O O

O

8a, X = SO„CH3; n = 1
b, X  = N 3;‘ n = 1
c, X  = N 3;n  = 0
d, X  = S 0 2CH3; n = 0

azide tautomer could be detected in the product by infrared 
spectroscopy. The mass spectrum of 7a exhibits a molecular 
ion at m/e 187 with loss of nitrogen and hydrogen cyanide to 
give a principal fragment at m/e 132. In the NMR spectrum 
of 7a, H-4 appears as a singlet at 5 9.50. This chemical shift 
compares favorably with that assigned to H-4 for the triazole 
3a.

An alternate route was used for the preparation of the 4- 
methyl analogue 7b. Since 3-chloro-2-substituted quinoxaline 
1-oxides (4) were unknown at the time of this study24 and 
could not be conveniently prepared from the corresponding
1,4-dioxides, we explored the use of methylsulfonylmethyl- 
quinoxaline 1,4-dioxides (e.g., 8a), which were readily avail
able.25 In a related study26 we found that 2-methyl-3-meth- 
ylsulfonylquinoxaline 1,4-dioxide (8a) afforded 2-azido-3- 
methylquinoxaline 1,4-dioxide (8b) in high yield. We expected 
the corresponding mono IV-oxide 8c, in which N-4 is not oxi
dized, to exist predominantly as the tetrazole tautomer 7b, 
but the thermal instability of 8b precluded its deoxygenation. 
However, 8a was selectively deoxygenated14 with trimethyl 
phosphite in refluxing 1-propanol to give 8d in 73% yield, and 
reaction of 8d with sodium azide in Me2SO gave 7b in 89% 
yield.

In summary, we have shown that the previously unac- 
cessible i>-triazolo[l,5-a]-, s-triazolo[4,3-c]-, and tetra- 
zolo[l,5-a]quinoxaline 5-oxides can be prepared in good yield. 
By introducing the JV-oxide function at an early stage in the 
synthetic sequence, the problem of ring carbon oxidation at 
C-4 is avoided.

Experimental Section
General. Melting points (uncorrected) were taken with a 

Thomas-Hoover capillary apparatus. NMR spectra were recorded 
on Varian A-60 and T-60 spectrometers with Me4Si as an internal 
standard. IR spectra were determined with a Perkin-Elmer Model 
21 spectrophotometer; UV spectra were recorded on a Cary Model 
14 spectrophotometer; and mass spectra were obtained with a Per- 
kin-Elmer RMU-6E mass spectrometer. Microanalyses were per
formed by the Pfizer Analytical Department. All evaporations were 
conducted in vacuo using either a water aspirator or a vacuum 
pump.
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2-Methylquinoxaline-3-carboxaldehyde 1 -Oxide (lb). 2-
Hydroxymethyl-3-methylquinoxaline 1,4-dioxide27 (4.29 g, 20.8 
mmol) was added cautiously in several portions with stirring to con
centrated sulfuric acid (10 mL) at room temperature (the addition 
is exothermic). The dark reaction mixture was stirred at room tem
perature for 3 h, and then it was heated to 70 °C for 30 min. After the 
reaction mixture had cooled to room temperature, it was poured onto 
crushed ice. Insoluble material was removed by filtration and the 
filtrate extracted with several portions of chloroform. The combined 
chloroform layers were dried (MgS04) and evaporated to give a resi
due which was purified by column chromatography on silica gel. 
Elution of the column with benzene gave 200 mg of an unidentified 
solid. Further elution with chloroform gave 1.40 g (36%) of lb after 
recrystallization from acetone: mp 167-169 °C; NMR (CDC13) b 3.00 
(3, s, CH3), 7.90 (2, m, H-6, H-7), 8.30 (1, m, H-8), 8.65 (1, m, H-5), 10.2 
(1, s, CHO); IR (KBr) 2740,1725 cm-1; mass spectrum, m/e 188 (M+). 
Anal. Calcd for CioH8N20 2: C, 63.83; H, 4.25; N, 14.89. Found: C, 
63.57; H, 4.45; N, 14.63.

Quinoxaline-3-carboxaldehyde 1-Oxide p-Toluenesulfon- 
ylhydrazone (2a). A solution of quinoxaline-3-carboxaldehyde 1- 
oxide14 (0.95 g, 5.4 mmol) and p-toluenesulfonylhydrazine (2.10 g,
11.2 mmol) in methanol (100 mL) was heated on a steam bath for 30 
min and cooled, and the precipitate was filtered and washed with ether 
to give 1.82 g (98%) of 2a: mp 160 °C dec; NMR (CFgCOOH) b 2.43 
(3, s, CH3), 7.57 (4, q, aromatic H’s), 8.10 (3, m, H-5, H-6, H-7), 8.13 
(1, s, CH), 8.57 (1, m, H-8), 9.06 (1, s, H-2); mass spectrum, m/e 342 
(M+). Anal. Calcd for C16Hi4N40 3S: C, 56.13; H, 4.12; N, 16.36. Found: 
C, 55.84; H, 4.35; N, 15.94.

2- Methylquinoxaline-3-carboxaldehyde 1-Oxide p-Tolu- 
enesulfonylhydrazone (2b). A solution of 2-methylquinoxaline-
3-carboxaldehyde 1-oxide (0.64 g, 3.38 mmol) and p-toluenesulfon
ylhydrazine (0.66 g, 3.38 mmol) in absolute methanol (50 mL) was 
warmed on a steam bath for 1 h and cooled, and the precipitate was 
filtered to give 0.94 g (78%) of 2b: mp 142-143 °C dec; NMR 
(CF3COOH) b 2.02 (3, s, CH3), 2.37 (3. s, CH3), 7.27 (4, q, aromatic 
H’s), 7.50-8.00 (3, m, H-5, H-6, H-7), 8.00 (1, s, CH), 8.25 (1, m, H-8); 
IR (KBr) 1333,1163 cm-1; mass spectrum, m/e 356 (M+). Anal. Calcd 
for C17H16N40 3S: C, 57.29; H, 4.52; N, 15.72. Found: C, 57.48; H, 4.62; 
N, 15.92.

3- Acetyl-2-methylquinoxaline 1-Oxide p-Toluenesulfon- 
ylhydrazone (2c). A solution of 3-acetyl-2-methylquinoxaline 1- 
oxide14 (1.70 g, 8.4 mmol) and p-toluenesulfonylhydrazine (1.55 g,
8.4 mmol) in methanol (25 mL) was heated under reflux for 1 h and 
then cooled, and the precipitate was filtered to give 2.53 g (80%) of 2c: 
mp 190-193 °C dec; NMR (Me2SO-d6) b 2.37 (3, s, CH3), 2.40 (3, s, 
CH3), 2.70 (3, s, COCH3), 7.60 (4, q, aromatic H’s), 7.80 (3, m, H-5, H-6, 
H-7), 8.40 (2, m, H-8, HN); IR (KBr) 2985,1333,1162,917,772 cm“ 1; 
mass spectrum, m/e 370 (M+). Anal. Calcd for Ci8H18N40 3S: C, 58.31; 
H, 4.86; N, 15.12. Found: C, 58.00; H, 4.80; N, 15.10.

r-Triazolo[l,5-a]quinoxaline 5-Oxide (3a). To a stirred solution 
of sodium methoxide (180 mg, 3.36 mmol) in methanol (50 mL) at 
room temperature was added portionwise quinoxaline-3-carboxal- 
dehyde 1-oxide p-toluenesulfonylhydrazone (1.15 g, 3.36 mmol). 
During the addition the solution took on a deep red color. After 
stirring for 1 h, the precipitate which formed was collected by filtration 
and recrystallized from methanol to give 425 mg (70%) of 3a: mp
202-204 °C dec; NMR (Me2SO-d6) b 8.00 (2, m, H-7, H-8), 8.37 (1, s, 
H-3), 8.50 (2, m, H-6, H-9), 9.20 (1, s, H-4); mass spectrum, m/e 186 
(M+). Anal. Calcd for C9H6N40: C, 58.06; H, 3.25; N, 30.09. Found: 
C, 57.75; H, 3.28; N, 30.25.

4- Methyl-i<-triazolo[l,5-a]quinoxaline 5-Oxide (3b). A stirred 
suspension of 2-methylquinoxaline-3-carboxaldehyde 1-oxide p- 
toluenesulfonylhydrazone (773 mg, 2.17 mmol) in methanol (25 mL) 
was treated portionwise with a solution of sodium methoxide (117 mg,
2.17 mmol) in methanol (5 mL). After stirring at room temperature 
for 2 h, the precipitate was collected by filtration and recrystallized 
from ethyl acetate to give 225 mg (52%) of 3b: mp 219-220 °C dec; 
NMR (Me2SO-d6) S 2.83 (3, s, CH3), 7.80 (2, m, H-7, H-8), 8.45 (1, s, 
H-3), 8.60 (2, m, H-6, H-9); IR (KBr) 1740, 1280, 1110 cm -1; mass 
spectrum, m/e 200 (M+). Anal. Calcd for CioH8N40: C, 59.99; H, 4.03; 
N, 27.99. Found: C, 59.36; H, 3.99; N, 27.95.

3,4-Dimethyl-i>-triazolo[l,5-a]quinoxaline 5-Oxide (3c). A 
stirred suspension of 3-acetyl-2-methylquinoxaline 1-oxide p-tolu- 
enesulfonylhydrazone (2.50 g, 6.75 mmol) in methanol (30 mL) was 
treated dropwise with a solution of sodium methoxide (356 mg, 6.75 
mmol) in methanol (5 mL) at room temperature. After the mixture 
was stirred for 1 h with no precipitate formation, the solvent was 
evaporated in vacuo to give a yellow solid which was heated in dry 
dimethylformamide (80 mL) at 100 °C for 1 hr. The colorless solution 
then was poured into water (200 mL) and extracted with two 100-mL

portions of ethyl acetate. Evaporation of the dried (MgS04) ethyl 
acetate solution gave 670 mg (53%) of 3c: mp 199-202 °C dec (re
crystallization from methanol); NMR (CDC13) b 2.83 (3, s, CH3), 2.92 
(3, s, CH3), 7.78 (2, m, H-7, H-8), 8.55 (2, m, H-6, H-9); mass spectrum, 
m/e 214 (M+). Anal. Calcd for Cu H10N4O: C, 61.67; H, 4.70; N, 26.16. 
Found: C, 61.42; H, 4.67; N, 26.43.

3-Chloroquinoxaline 1-Oxide (4). 2-Chloroquinoxaline (98.8 g, 
0.60 mmol) was suspended in methylene chloride (1 L) that was cooled 
with an icebath, and 85% m-chloroperbenzoic acid (122 g, 0.60 mmol) 
was added to the suspension in ca. 10-g portions over a period of 40 
min. After the reaction mixture was stirred at room temperature for 
72 h, the resulting precipitate was collected by filtration and washed 
with methylene chloride. The mother liquor and the methylene 
chloride washings were combined and washed with a solution of 5% 
sodium bicarbonate. The organic layer was then dried over anhydrous 
magnesium sulfate and evaporated to afford a solid product. The 
crude product was recrystallized from methanol to give 6.89 g (63%) 
of 4 as colorless needles: mp 150-152 °C (lit.21 mp 150-152 °C); NMR 
(CDC13) b 6.65-7.35 (3, m, H-5, H-6, H-7), 7.55 (1, s, H-2), 7.55-7.80 
(1, m, H-8); UV Xmax (MeOH) 243 nm (e 40 900), 320 (8510); mass 
spectrum, m/e 182 (M+ + 2), 180 (M+). Anal. Calcd for C8H5N20C1: 
C, 53.20; H, 2.79; N, 15.51. Found: C, 53.10; H, 2.80; N, 15.09.

3-Hydrazinoquinoxaline 1-Oxide (5). To a suspension of 3- 
chloroquinoxaline 1-oxide (1.50 g, 8.3 mmol) in ethanol (15 mL) was 
added hydrazine hydrate (80%, 1.5 mL), and the mixture was heated 
under reflux for 40 min. The solid that separated on cooling the 
mixture was recrystallized from water to give 0.92 g (63%) of 5 as 
bright yellow crystals: mp 199-200 °C dec; mass spectrum, m/e 176 
(M+). Anal. Caicd for C8H8N40: C, 54.60; H, 4.58; N, 31.83. Found: 
C, 54.57; H, 4.59; N, 31.81.

s-Triazolo[4,3-a]quinoxaline 5-Oxide (6a). 3-Hydrazinoqui
noxaline 1-oxide (0.60 g, 3.4 mmol) was added to triethyl orthoformate 
(7 mL) and the mixture heated under reflux for 3 h. Upon cooling the 
resulting solution, almost pure product separated. This was washed 
with cold methanol and then recrystallized from methanol to yield 
0.39 g (61%) of 6a as pink needles: mp 272-273 °C dec; NMR 
(Me2SO-d6) 5 7.59 (2, m, H-7, H-8), 8.21 (2, m, H-6, H-9), 8.93 (s, 1, 
H-l), 9.70 (1, s. H-4); UV Xmax (MeOH) 228 nm (shoulder), 263 (t 
7400), 322 (10 900); mass spectrum, m/e 186. Anal. Calcd for 
C9H6N40: C, 58.12; H, 3.25; N, 30.12. Found: C, 58.31; H, 3.43; N,
29.56.

1- Methyl-s-triazolo[4,3-a]quinoxaline 5-Oxide (6b). A mixture 
of 3-hydrazinoquinoxaline 1-oxide (5) (4.00 g, 22.7 mmol) and glacial 
acetic acid (30 mL) was heated under reflux for 2 h and cooled, and 
the solvent was removed in vacuo. The brick-red residue was dissolved 
in 250 mL of boiling water, the resulting solution was treated with 
activated carbon and filtered through a pad of Super Cel, and the 
filtrate was kept in the refrigerator overnight to give 1.35 g (30%) of 
6b: mp 238-242 °C dec (recrystallization from methanol); NMR 
(Me2SO-d6) b 2.63 (3, s, CH3), 7.56 (2, m, H-7, H-8), 8.10 (2, m, H-6, 
H-9), 8.83 (1, s, H-4); mass spectrum, m/e 200 (M+). Anal. Calcd for 
Ci0H8N4O: C, 59.99; H, 4.03; N, 27.99. Found: C, 59.88; H, 3.95; N,
28.42.

Tetrazolo[l,5-a]quinoxaline 5-Oxide (7a). A. To an ice-cooled 
solution of 3-hydrazinoquinoxaline 1-oxide (1.00 g, 5.7 mmol) in acetic 
acid (12%, 35 mL) was added dropwise a solution of NaN02 (0.44 g,
6.4 mmol) in water (4 mL), and the mixture was kept at room tem
perature for 3 h. The resulting tan precipitate was collected by fil
tration and washed with methanol to afford 0.60 g (60%) of 7a: mp 
179-180 °C dec; NMR (Me2SO-d6) b 7.70-8.25 (2, m, H-7, H-8), 
8.40-8.70 (2, m, H-6, H-9), 9.50 (1, s, H-4); IR (KBr), no absorption 
in the -N 3 region (ca. 2150 cm-1) was detected; UV Xmax (MeOH) 230 
nm (e 19 850), 262 (shoulder), 317 (9350); mass spectrum, m/e 187 
(M+). An analytical sample of 7a was obtained by recrystallization 
from methanol, mp 189-190 °C dec. Anal. Calcd for CSH5N5O: C, 
51.38; H, 2.70; N, 37.43. Found: C, 51.00; H, 2.91; N, 37.04.

B. To a solution of 3-chloroquinoxaline 1-oxide (1.00 g, 5.5 mmol) 
in Me2SO (15 mL) was added sodium azide (0.36 g, 5.5 mmol). After 
stirring the solution for 72 h at room temperature, it was diluted with 
water (100 mL) and a precipitate formed that was collected by fil
tration to afford 0.47 g (46%) of 7a, mp 178-180 °C dec. Similar results 
were found when the above reaction was heated under reflux overnight 
in ethanol-water (1:1 v/v), and crude product 7a was obtained in 52% 
yield.

2- Methyl-3-methylsulfonylquinoxaline 1-Oxide (8d). 2- 
Methyl-3-methylsulfonylquinoxaline 1,4-dioxide26 (7.60 g, 30 mmol) 
was added to 1-propanol (75 mL) containing trimethyl phosphite (4.09 
g, 33 mmol). The reaction mixture was heated under reflux for 3 h and 
then cooled to room temperature to afford a crystalline precipitate. 
The solid was collected by suction filtration and washed with 1-pro-
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panol to give 5.24 g (73%) of 8d: mp 185-187 °C dec; NMR (Me2S0 -de) 
5 2.80 (3, s, CH3), 3.65 (3, s, CH3S0o), 7.90-8.20 (3, m, H-5, H-6, H-7),
8.30-8.60 (1, m, H-8); UV Amax (MeOH) 274 nm (t 39 590), 330 (8120); 
mass spectrum, m/e 238 (M+). Anal. Calcd for C10H10N2Q3S: C, 50.47; 
H, 4.24; N, 11.77. Found: C, 50.51; H, 4.24; N, 11.57.

4-Methyltetrazolo[l,5-a]quinoxaline 5-Oxide (7b). To a solu
tion of 2-methyl-3-methylsulfonylquinoxaline 1-oxide (4.00 g, 16.8 
mmol) in Me2SO (90 mL) was added sodium azide (1.10 g, 16.8 mmol). 
After the solution was stirred overnight at room temperature, it was 
diluted with water (300 mL) and a precipitate formed that was col
lected by suction filtration to afford 3.02 g (89%) of 7b: mp 205-206 
°C; NMR (Me2SO-d6) 5 2.80 (3, s, CH3), 7.80-8.25 (2, m, H-7, H-8), 
8.40-8.70 (2, m, H-6, H-9); UV Amax (MeOH) 232 nm (e 22 200), 262 
(shoulder), 317 (11 000); mass spectrum, m/e 201 (M+). Anal. Calcd 
for C9H-N5O: C, 53.78; H, 3.51; N, 34.84. Found: C, 53.66; H, 3.62; N,
34.62.
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l,2-Diphenyl-3-azanaphtho[fe]cyclobutadiene (12) has been synthesized. The cyclopentadienone derivative 13 
and its iron tricarbonyl complex 14 were also formed during the final reduction step. The title compound, obtained 
as red crystals, undergoes addition reactions (reduction, oxidation) at the 1,2-double bond; it also undergoes a 
Diels-Alder reaction with 1,3-diphenylisobenzofuran and on heating with triiron dodecacarbonyl it is converted 
to a mixture of 13 and 14. The iron tricarbonyl complex 14 is easily oxidized with Ce4+ to give 13.

The synthesis of the first stable aromatic-fused cyclobu
tadiene, namely l ,2-diphenylnaphtho[6]cyclobutadiene (1), 
was reported by Cava1 * in 1963. Since then, 1,2-diphenylan- 
thra[6]cyclobutadiene (2),2 6,7-diphenyl-3-thiabicyclo- 
[3.2.0]heptatriene (3),3 and a few other aromatic-fused cy-

1 2 3
clobutadienes4'5 have been synthesized. Compound 3 repre
sents the first known heteroaromatic-fused cyclobutadiene.

5

In 1961, Blomquist and Lalancette6 attempted the synthesis 
of the diaza analogue 4 of the hydrocarbon 1 by condensation 
of the dione 9 with o-phenylenediamine; they isolated the ring 
cleavage product 5 rather than the desired cyclobutadiene 
derivative 4.

In this paper we report the synthesis and some chemical 
properties of l,2-diphenyl-3-azanaphtho[fc>]cyclobutadiene

(12), the first example of a heteroaromatic-fused cyclobuta
diene with nitrogen as the heteroatom.

Results and Discussion
o-Nitrobenzyl bromide (6) was converted to o-nitroben- 

zyltriphenylphosphonium bromide (7) in excellent yield. 
Wittig condensation of dione 9 with the ylide 8, derived from 
the phosphonium salt 7, afforded a mixture of cis- and 
trans-nitroaryls 10a and 10b in 85% yield. These isomers, 
found in the ratio of 87:13, respectively, were separated by

nn90_qocq/7a/iQ4Q_41 oa«m nn/n irkiava
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either column chromatography or fractional crystallization 
from ethanol.

Assignment of the cis and trans geometries to 10a and 10b 
was easily achieved by reduction of these compounds and 
identification of the product(s) obtained in each case. Al
though attempts to reduce selectively the nitro group of either 
10a or 10b by conventional reduction methods, e.g, metals and 
acid, failed, application of the method of Landesberg7 to 10a 
and 10b gave the desired products in each case. Thus, reduc
tion of 10b with triiron dodecacarbonyl afforded the corre
sponding amino ketone 11. On the other hand, reduction of 
10a under the same conditions was accompanied by sponta
neous ring B closure to give the desired l,2-diphenyl-3-aza- 
naphtho[b]cyclobutadiene (12) in 16.5% yield, along with two

other products, the cyclopentadienone derivative 13 (13% 
yield) and its iron tricarbonyl complex 14 (12.5% yield).

The structural assignment of the latter compounds is based 
upon spectral and chemical evidence. Compound 12, isolated 
as red crystals, mp 163-164 °C, shows a parent ion at m/e 305 
in its mass spectrum; in addition to a multiplet in the aromatic 
region in its NMR spectrum, there appears a singlet for one 
hydrogen at the relatively high-field position of 5 6.55. The 
position of this proton, undoubtedly that at C-8, is very close 
to that (6 6.55) of the olefinic protons of cts-stilbene8 and is 
strong evidence that the bonds 2a-3 and 8- 8a in 12 are fixed 
to a remarkable degree as in 12a. A similar suggestion was 
made to explain the NMR spectrum of l .1 The ultraviolet- 
visible spectrum of 12 is quite similar to that of hydrocarbon 
l .1

Although l,2-diphenyl-3-azanaphtho[h]cyclobutadiene (12) 
appears to be stable indefinitely, it undergoes addition reac
tions at its 1,2-unsaturated bond of the four-membered ring 
very easily. Thus, absorption of 1 molar equiv of hydrogen in 
the presence of palladium afforded m s -1,2-diphenyl-3-aza- 
'naphtho[b]cyclobutene (15), whose UV spectrum is quite

15, R = Ph 
17, R = H

similar to that of nonphenylated analogue 17, prepared by 
Wilk.9 Compound 12 also undergoes facile reduction with 
sodium borohydride to give largely frans-l,2-diphenyl-3- 
azanaphtho fh ] cyclobutene (16) and a trace of the cis isomer
15.

Oxidation of 12 with potassium permanganate in dilute 
hydrochloric acid proceeds smoothly to give 2,3-dibenzoyl- 
quinoline (18). The diketone 18 could also be obtained by ir
radiation of a dilute acetone solution of 12 with direct sunlight 
for 48 h. Finally, the Diels-Alder reaction of 12 with 1,3-di-

phenylisobenzofuran (19) resulted in the formation of the 
expected adduct 20, whose structure follows from its mass (M+ 
475) and NMR (6 7.8, s, 1 H).

The dark violet crystalline compound 13, mp 202-204 °C, 
exhibits the following spectral data; its NMR spectrum has 
a singlet at 6 7.3 in addition to a multiplet in the aromatic re
gion, and shows a parent ion at m/e 333 in its mass spectrum. 
Its IR spectrum shows an intense absorption at 1700 cm-1 due 
to a carbonyl group. Compound 13 is probably formed by a 
chelotropic addition of carbon monoxide to the 1,2-unsatu
rated bond of the four-membered ring of 12, giving the in-

21
termediate 21 which undergoes homolytic ring cleavage to the 
observed product.10

In fact, when 12 was heated with triiron dodecacarbonyl 
under the conditions of reduction, both 13 and 14 were 
formed.

Fe3(CO)i2
12--------- ^13 + 14

CeHg, heat

The iron tricarbonyl complex 14 is an orange crystalline 
compound, mp 297-299 °C dec. It undergoes oxidation with 
ceric ammonium nitrate very easily, giving back the violet
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compound 13. In its IR spectrum, a carbonyl absorption ap
pears at 1675 cm-1 in addition to three distinct absorptions 
at 2060, 2000, and 1980 cm-1, attributable to three carbonyl 
groups attached to the iron.

Experimental Section
General. Melting points were determined with a Thomas Unimelt 

apparatus and are uncorrected. Ultraviolet-visible spectra were de
termined in ethanol. Spectra were recorded on a Perkin-Elmer 157G 
IR spectrophotometer, a Varian Cary 118 UV-visible spectropho
tometer, a Varian T-60 NMR spectrometer, and a Varian CH5 or 
Varian Mat. 112 mass spectrometer. Elemental analyses were per
formed by Alfred Bernhardt Microanalytical Laboratories, West 
Germany.

o-Nitrobenzyltriphenylphosphonium Bromide.11 A solution 
of o-nitrobenzyl bromide (2.16 g, 10 mmol) and triphenylphosphine 
(2.62 g, 10 mmol) in chloroform (20 mL) was stirred at room tem
perature for 48 h. Diethyl ether (20 mL) was added and the resulting 
solution was kept at room temperature for an additional 24 h. The 
deposited crystals were filtered, washed with dry diethyl ether, and 
air dried. Recrystallization from ethanol afforded colorless prisms 
(4.15 g, 87%): mp 161-162 °C; NMR (CDClg) b 6.05 (d, 2 H, J = 7 Hz),
7.9 (m, 19 H). Anal. Calcd for C25H2iBrN0 2: C, 62.76; H, 4.39; N, 2.93. 
Found: C, 62.55; H, 4.56; N, 2.83.

Wittig Condensation of 8 with Dione 9. A solution of dione 96 
(2.43 g, 10 mmol) and phosphonium salt 7 (4.78 g, 10 mmol) in dry 
acetonitrile (50 mL) was heated to reflux under a slight pressure of 
nitrogen. Triethylamine (6 mL) was added dropwise to the refluxing 
solution over a period of 30 min. After the addition was completed, 
the dark violet solution was refluxed for an additional 4 h. The solu
tion was cooled, the solvent was evaporated on a rotary evaporator, 
and the oily residue was triturated under ethanol to give 3.0 g (85%) 
of a mixture of 10a and 10b as a yellow solid. The mixture was chro
matographed on a column of silica gel using a 1:1 mixture of petroleum 
ether-benzene as eluent. The leading band afforded, after the evap
oration of the solvent, 2.4 g (84% of the mixture) of 10a as yellow solid. 
Crystallization from ethanol gave the analytical sample of 10a: mp 
124-126 °C; IR (KBr) 1765 cm“ 1; NMR (CDC13) 5 7.10 (s, 1 H), 7.50 
(m, 14 H); M+ 353. Anal. Calcd for C23H15N0 3: C, 78.18; H, 4.20; N, 
3.96. Found: C, 78.18; H, 4.25; N, 3.97.

The second fraction obtained from the column afforded, after 
evaporation of the solvent and crystallization of the solid residue from 
methanol, yellow needles of 10b (450 mg, 16% of the mixture): mp
162.5-164 °C; M+ 353; NMR (CDClg) 6 7.0 (s, 1 H), 7.50 (m, 14 H). 
Anal. Calcd for CjgHjgNOg: C, 78.18; H, 4.20; N, 3.96. Found: C, 78.0; 
H, 4.34; N, 4.07.

Reduction of 10b. Triiron dodecacarbonyl (2.5 g, 5 mmol) was 
added to a solution of 10b (870 mg, 2.5 mmol) in dry benzene (30 mL) 
containing absolute methanol (2 mL), and the resulting solution was 
refluxed under nitrogen for 7 h. The solvent was evaporated on a ro
tary evaporator and the residue was taken up into chloroform. The 
chloroform solution was concentrated and chromatographed on a 
column of silica gel using a 25:75 mixture of benzene-petroleum ether 
as eluent. Evaporation of the solvent and crystallization of the solid 
residue from ethanol afforded an analytical sample (350 mg, 54%) of 
11 as orange needles: mp 164-165 °C; IR (KBr) 3400,1765 cm-1; NMR 
(CDClg) 6 6.55 (s, 1 H), 7.25 (m, 14 H); M+ 323. Anal. Calcd for 
C23H17NO: C, 85.44; H, 5.26; N, 4.33. Found: C, 85.50; H, 5.08; N,
4.23.

Reduction of 10a. Triiron dodecacarbonyl (5.04 g, 0.01 mol) was 
added to a solution of 10a (3.53 g, 0.01 mol) in dry benzene (150 mL) 
containing absolute methanol (2 mL) and the resulting solution was 
refluxed under nitrogen for 7 h. The reaction mixture was cooled to 
room temperature and filtered. Evaporation of the filtrate gave a dark 
red gummy material which was dissolved in a small amount of chlo
roform and chromatographed on a column of basic alumina. Elution 
of the column with diethyl ether afforded two different fractions. The 
first fraction, which was a red solution, was evaporated on a rotary 
evaporator. Trituration of the residue under ether gave a red solid 
which was crystallized from n-hexane to give the analytical sample 
of 12 (0.5 g, 16.5%): mp 163-164 °C; M+ 305; NMR (CDCI3) 5 6.5 (s, 
1 H), 7.42 (m, 14 H); UV Amax (EtOH) 282 (log e 5.62), 444 nm (3.35). 
Anal. Calcd for C23H15N: C, 90.49; H, 4.91; N, 4.59. Found: C, 90.22; 
H, 5.06; N, 4.45.

Evaporation of the second fraction gave a deep violet solid, which 
was crystallized from n-hexane to give deep violet crystals of 13 (450 
mg, 13.5%): mp 202-204 °C; IR (KBr) 1700 cm“ 1 (C = 0 ); M+ 333; 
NMR (CDCI3) 6 7.32 (s, 1 H), 7.43 (m, 14 H); UV Amax (EtOH) 269 (log

e 6.5), 477 (5.9), 552 nm (5.6). Anal. Calcd for C24H15NO: C, 86.00; H, 
4.50; N, 4.20. Found: C, 85.67; H, 4.62; N, 4.15.

Further elution of the column with a 95:5 mixture of chloroform- 
methanol afforded, after evaporation of the solvent, an orange solid 
which was crystallized from ethanol to give orange needles of 14 (600 
mg, 12.6%). Another crystallization from ethanol gave the analytical 
sample of 14: mp 297-299 °C dec; M+ 473; IR (KBr) 2060,2000,1980, 
1670 cm -1; NMR (CD3C 02H) 5 7.82 (s, 1 H), 7.11 (m, 14 H). Anal. 
Calcd for C27H15N 04Fe: C, 68.49; H, 3.17; N, 2.95; Fe, 11.83. Found: 
C, 68.18; H, 3.28; N, 3.06; Fe, 11.94.

Hydrogenation of l,2-Diphenyl-3-azanaphtho[b]cyclobuta- 
diene (12). A solution of 12 (305 mg, 1 mmol) in a mixture of benzene 
(10 mL) and ethanol (8 mL) was shaken under hydrogen (atmospheric 
pressure, room temperature) in the presence of 5% palladium on 
charcoal (0.1 g) until the red color vanished (~45 min). Solvent 
evaporation followed by crystallization from n- hexane-ether gave 
pure cis-l,2-diphenyl-3-azanaphtho[b]cyclobutene (15; 200 mg, 67%): 
mp 107-108 °C; M+ 356: NMR (CDClg) AB system as two doublets 
centered at 5 4.73 and 4.93 (2 H, J = 3 Hz), 8.53 (s, 1 H); UV Amax 
(EtOH) 234 (log c 4.77), 306 (4.07), 312 (4.04), 320 nm (4.11). Anal. 
Calcd for C23H17N: C, 89.90; H, 5.53; N, 4.56. Found: C, 89.97; H, 5.72; 
N, 4.36.

Reduction of 12 with Sodium Borohydride. Sodium borohydride 
(100 mg) was added portionwise to a solution of 12 (305 mg, 1 mmol) 
in a mixture of diethyl ether (20 mL) and ethanol (10 mL) and the 
resulting solution was stirred at room temperature for 30 min. The 
solvent was evaporated and water (50 mL) was added to the oily res
idue and extracted with three portions (50 mL each) of methylene 
chloride. The combined extracts were dried (Na2S 04) and evaporated 
on a rotary evaporator. The residue was chromatographed on a thick 
layer of silica gel using chloroform as eluent. Separation of the two 
different bands afforded 15 (10 mg) and the trans isomer 16 (180 mg, 
58%): mp 127-129 °C; M+ 356; NMR (CDC13) AB system as two 
doublets centered at 5 5.33 and 5.63 (2 H, J = 8 Hz), 8.37 (s, 1 H); UV 
Amax (EtOH) 235 (log e 4.75), 306 (4.07), 312 (4.05), 320 nm (4.12). 
Anal. Calcd for C23H17N: C, 89.90; H, 5.53; N, 4.56. Found: C, 89.76; 
H, 5.65; N, 4.36.

Diels-Alder Reaction of 12 with 1,3-Diphenylisobenzofuran.
A solution of 12 (305 mg, 1 mmol) and 1,3-diphenylisobenzofuran (270 
mg, 1 mmol) in dry benzene (50 mL) was refluxed for 3 h. The reaction 
mixture was cooled to room temperature and the solvent was evapo
rated on a rotary evaporator. Crystallization of the solid residue af
forded 20 as microcrystals (305 mg, 52%). Recrystallization from 
ethanol gave an analytical sample of 20: mp 278-279 °C; M + 575; 
NMR (Me2SO-d6) b 8T5 (s, 1 H). Anal. Calcd for C43H29NO: C, 89.73; 
H, 5.04; N, 2.43. Found: C, 89.40; H, 5.25; N, 2.32.

Chemical Oxidation of 12 by Potassium Permanganate. A 
saturated solution of potassium permanganate in acetone (1 mL) was 
added to a solution of 12 (305 mg, 1 mmol) in 10 mL of acetone. Dilute 
hydrochloric acid (15 drops) was added and the reaction mixture was 
heated on a steam bath for 30 min. The solution was cooled to room 
temperature and basified with dilute ammonium hydroxide. The basic 
solution was extracted with ether, dried over anhydrous sodium sul
fate, and evaporated. The residue was chromatographed on a column 
of basic alumina. Elution with chloroform gave, after evaporation of 
the solvent, a solid residue which was crystallized twice with ether to 
give the analytical sample of 18 (55 mg, 16.5%): mp 172-173 °C; IR 
(KBr) 1670 and 1730 cm- 1 (C = 0 ); NMR (CDClg) 5 8.25 (s, 1 H); M+ 
337. Anal. Calcd for C23H15N 02: C, 81.89; H, 4.45; N, 4.15. Found: C, 
81.45; H, 4.32; N, 4.20.

Photochemical Oxidation of 12. A solution of 12 (305 mg, 1 mmol) 
in acetone (300 mL) in a 500-mL flask was stoppered and kept in di
rect sunlight for 48 h. The solution was then evaporated on a rotary 
evaporator to a solid residue which was chromatographed on a column 
of basic alumina. Elution with chloroform gave a solid residue which 
was crystallized from diethyl ether to give a crystalline compound (65 
mg, 20%), identical in all respects with an authentic sample of 18 ob
tained from chemical oxidation of 12.

Reaction of 12 with Triiron Dodecacarbonyl. A mixture of 12 
(305 mg, 1 mmol) and triiron dodecacarbonyl (405 mg, 1 mmol) in dry 
benzene (20 mL) containing few drops of methanol was refluxed under 
nitrogen for 1 h. The reaction mixture was filtered and the filtrate was 
evaporated on a rotary evaporator. The residue was chromatographed 
on a thick layer of silica gel using a mixture of 95:5 chloroform- 
methanol as eluent. Isolation of the leading and slowest bands af
forded compounds 13 (25 mg, 6%) and 14 (65 mg, 12%) identical in 
their IR and melting points with authentic samples of 13 and 14, re
spectively, obtained from the reduction of 10a.

Oxidation of 14 with Ce4+. A solution of 14 (235 mg, 0.5 mmol) 
and ceric ammonium nitrate (270 mg, 0.5 mmol) in dry acetone was
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stirred at room temperature for 1 h. The reaction mixture was filtered 
and the filtrate was evaporated on a rotary evaporator. The solid 
residue was chromatographed on a column of silica gel eluting with 
diethyl ether. Evaporation of the solvent afforded a deep violet solid 
which was crystallized from re-hexane to give deep violet crystals (50 
mg, 30%), identical in all respects with an authentic sample of 13.
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(A)-l-Alkenylmagnesium bromides react cleanly and stereospecifically with chiral menthyl sulfinate esters to 
produce chiral (E)-l-alkenyl sulfoxides; no alkenyl sulfide is formed in this process. 1-Alkenyl and 2-alkenyl aryl 
sulfoxides are easily reduced to the corresponding vinylic sulfides upon treatment with ethylmagnesium bromide/ 
10% cuprous iodide at 0 °C for 1 h. No double bond isomerization occurs during this sulfoxide deoxygenation, and
1,3-butadienyl sulfoxides are reduced cleanly to 1,3-butadienyl sulfides. Proton NMR indicates an upfield chemical 
shift of about 0.1 and 0.6 ppm for H„ and in the a,d-ethylenic sulfides relative to the corresponding sulfoxides.

Pursuing our interest in reactions of organometallic re
agents with «,,8-unsaturated sulfur compounds,1 we have 
sought a stereocontrolled method for preparing either (Z )- 
1-alkenyl or (E )-l-alkenyl sulfoxides. The Carey-Hernandez 
synthesis using carbonyl compounds and l-(trimethylsilyl)- 
l-(phenylsulfinyl)methyllithium leads to a mixture of (Z)- and 
(E)-vinylic sulfoxides,2 and the Horner-Wittig procedure 
using carbonyl compounds and sulfinyl methylphosphonate 
anions also leads to a mixture of geometrical isomers in which 
the E isomer often predominates.3 Separation of vinylic 
sulfoxide geometrical isomers is often difficult and time 
consuming, and the overall yields of pure E or Z isomers are 
usually low.2’3 We report here our recent success in stereo-
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specifically converting (E)-vinylic bromides via the corre
sponding Grignard reagents into (fJ)-vinylic sulfoxides in good 
yields via eq 1. We report also our discovery that (Z)- and 
(E)-vinylic phenyl sulfoxides are easily reduced by ethyl- 
magnesium bromide/10% cuprous iodide with retention of 
double bond configuration to the corresponding (Z)- and 
(E)-vinylic phenyl sulfides under mild conditions and in high 
yields (eq 2).

Results and Discussion
Preparation of ( E ) - l -Alkenyl Sulfoxides. Reaction of 

Grignard reagents with chiral sulfinate esters is one of the 
oldest and most often used procedures for preparation of 
chiral sulfoxides.4 Harpp has recently summarized this area 
and has emphasized that a major byproduct in this type of 
reaction is often the sulfide derived from the initially formed 
sulfoxide.5 Harpp recommends general use of organocop- 
perlithium reagents for conversion of sulfinate esters into the 
corresponding sulfoxides with formation usually of only small 
amounts of sulfides. We have found that menthyl p-toluen- 
esulfinate reacts with isopropenylmagnesium bromide/10% 
cuprous iodide to give substantial (e.g., 30-40%) amounts of 
sulfide. Surprisingly, however, we have found that vinylic 
Grignard reagents in the absence of any copper salts react 
cleanly with menthyl sulfinate esters in tetrahydrofuran to 
give only the corresponding vinylic sulfoxides and no detect
able amounts of vinylic sulfides as indicated by the compari
son with authentic sulfides (Table I).

© 1978 American Chemical Society
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Table I. Reaction o f ( - )-M enthyl (-) - (S )-S u lf in a te  Esters with V inylic G rignard Reagents in T etrahydrofuran

menthvl-OS
(O)R'

(1 equiv), 
R ' = registry no.

Grignard 
(1.3 equiv)

time,
h

temp,
°C

isolated purified 
product

% yield 
of

purified
product

registry
no.

p-tolyl 1517-82-4 C H ,= C (C H :,)MgBr 20 25 C H .^C iC H dSiO )- 75 59336-69-5
11 66 T o l( l )

p-tolyl (E)-CfiH i ■!CH =CH M g- 12 25 (£)-Cf,H 1:)C H = C H S (0)- 60 66967-38-2
Br Tol (2)

phenvl 34513-32-1 (£ )-C GH 13CH =CH M g- 12 25 (£ )-C eH I;iC H = C H S (0 )- 65 66967-39-3
Br Ph (3)

i-Bu 66967-37-1 (£ )-C 6Hi;,CH=CHM g- 4 0 (£ )-C fiH 1:iC H = C H S (0)- 51 66967-40-6
Br Bu-f (4)

Proton N M R  coupling constants o f 15-16 ppm  for the vi
nylic protons in 1-alkenyl sulfoxides 2 -4  confirm ed the E 
stereochemistry o f these alkenes; coupling constants o f  10-12 
ppm  have been reported for the vinylic protons o f (Z )-l -a l-  
kenyl sulfoxides.3

Andersen41’*0 and M islow4d’e have firmly established that 
Grignard reaction with chiral sulfinate esters proceeds ste- 
reospecifically to give sulfoxides o f high optical purity. Vinylic 
sulfoxides 1-4, formed via Grignard attack on chiral menthyl 
sulfinate esters, have high specific rotations; although they 
are new com pounds for which no specific rotation data are 
available in the literature, we assume them to be o f  high o p 
tical purity.6

Acetylenes can be converted cleanly into (Z )- and (E )-l- 
alkenyl halides,7 and (Z )- and (E)-l-alkenyl Grignard reagents 
can thus be prepared. W e expect, therefore, that (Z)-l-alkenyl 
sulfoxides could be produced as cleanly and effectively as are 
the (E )-l-a lken yl sulfoxides 1-4 in this report.

It is noteworthy that vinylic sulfoxides have recently been 
used as functionalized dienophiles in diverse D iels-A lder re
actions, leading to products difficult to obtain by older 
m ethods.8-9

R e d u ctio n  o f  a ,/3 -E thylen ic P h en y l S u lfo x id e s  to  a,(]~  

E th y len ic  P h en y l S u lfides. Am ong the many m ethods de
veloped recently for reduction o f  sulfoxides to sulfides,10 in
cluding our own photochem ical deoxygenation procedure,11 
not one has been applied to reduction o f vinylic sulfoxides. 
In studying the behavior o f  vinylic sulfoxides toward some 
organometallic reagents, we discovered that ethylmagnesium 
brom ide /10% cuprous iodide cleanly and effectively reduces 
a wide structural variety o f vinylic phenyl sulfoxides to the 
corresponding vinylic sulfides under very mild conditions and 
in 60-93% yields (Table II).12

Several important generalizations emerge from the data in 
Table II. First, this deoxygenation m ethod proceeds without 
any change in the configuration o f the vinylic group; (Z )- and 
(E )-l-a lk en yl sulfoxides give geometrically pure (Z )- and 
(E )-l-a lk en yl sulfides. Second, 2-alkenyl sulfoxide 10 also is 
reduced to the corresponding 2-alkenyl sulfide. Third, 1,3- 
butadienyl sulfoxides 7, 8, and 11 are reduced cleanly to the 
corresponding 1,3-butadienyl sulfides, even in an isoprenoid 
system in which cyclized products are often encountered in 
reactions proceeding by ionic or radical pathways. Fourth, 
phenyl sulfoxides are reduced somewhat more easily than 
benzylic sulfoxide 12 and much more easily than ierf-buty l 
sulfoxide 13. Furthermore, in the absence o f  cuprous iodide, 
ethylmagnesium bromide causes no sulfoxide reduction, and 
magnesium and lithium dialkylcuprates13 also cause no sulf
oxide reduction. Finally, 1-alkenyl aryl sulfonesla undergo 
only /3 addition o f an ethyl group (i.e., no reduction) when 
exposed to ethylmagnesium brom ide/10% cuprous iodide.

Proton N M R  data (see Table III, Experimental Section) 
indicate that the chemical shifts o f  H a and in the a,f>- 
ethylenic sulfides are about 0.1 and 0.6 ppm , respectively,

upfield from  those o f H „ and H(j in the corresponding a,/3- 
ethylenic sulfoxides. This substantial deshielding effect 
especially on in the alkenyl sulfoxides suggests a significant 
7r-electron shift away from the /1-carbon atom. Furthermore, 
the upfield shift o f H# in the series ay3-ethylenic sulfones,10 
sulfoxides, and sulfides correlates with the expected ease o f 
reduction o f these alkenyl sulfur com pounds (sulfones >  
sulfoxides >  sulfides).130

The mechanism for this copper-catalyzed Grignard re
duction o f  sulfoxides is not clear; it will probably turn out to 
be a complex process. Our observation that phenyl sulfoxides 
are more easily reduced than benzylic and nonaryl sulfoxides 
seems to suggest the possibility o f  an electron transfer from 
the organometallic reagent(s) to the aryl sulfoxide unit.13c’d 
Our observation that méthylmagnésium brom ide is less e f
fective than e£/ry/magnesium brom ide raises the question o f 
whether a metal hydride mechanism is operative.14 M ore in 
form ation is needed before firm m echanistic conclusions can 
be drawn.

Vinylic sulfides can be deprotonated and alkylated a  to 
sulfur, and they are synthetically equivalent to carbonyl 
compounds (i.e., masked or latent acyl anions).15 Hydrolysis16 
o f our vinylic sulfoxides would afford an overall m ethod for 
anti-M arkownikoff hydration o f terminal acetylenes17 (eq 3)

R

and also a new procedure for reductive nucleophilic acylation 
o f aldehydes and ketones16’18 (eq 4). Some prostacyclin vinylic 
sulfoxides and sulfides have recently been reported to possess 
biological activity.105

C on clu s ion
Chiral vinylic sulfoxides can be prepared easily and without 

contamination by vinylic sulfides via reaction o f  readily 
available vinylic Grignard reagents with chiral menthyl sul
finate esters. No advantage is achieved by using vinylic copper
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Table II. R eduction  o f  V inylic Phenyl Sulfoxides by 3.0 equiv o f  Ethylmagnesium Brom ide and 0.3 equiv o f  Cuprous

registry
no. sulfoxide

% yield of purified 
sulfide8

registry
no.

66967-42-8
C5H n C H = C H S (0 )P h  (5) 

(Z)- 5 85 66967-47-3
66967-41-7 (E )-5 90 66967-48-4

40110-65-4
PhCH==CHS(0)Ph (6) 

(Z )-6 91 7214-56-4
40110-66-5 (E )-6 93 7214-53-1
40110-72-3 (£ ,E )-P h C H = C H C H = C H S(0 )P h  (7) 81 66967-49-5

(CH3)2C =C H C H ,C H 2C(CH3)=CH CH =C H S(0)Phi>  (8) 85

66967-43-9
66967-44-0

66967-45-1

621-08-9
67010-46-2

<A>9

IIe
PhCH,S(0)CH,Ph (12)
( £)-Ci;Hi ;CH=CHS(0)BiW (13)

68d 66967-50-8
70d 66967-51-9

80-90e 66967-52-0

60f
41« 538-74-9

0*

0 Identification was based on IR, NMR, and mass spectral analysis and by comparison with authentic sulfides prepared from the 
appropriate carbonyl compounds and lithium diethyl phenylt.hiomethylphosphonate (ref 3). b A mixture of (E\ \.(Z)-'3 and (E)-l,(E)-3  
was used (see Experimental Section). c The sulfoxide was dissolved in a minimum volume of THF and was added to the Grignard 
reagent in ether. d About 18% of starting material was recovered. e 25 °C, 19 h. i About 30% of starting material was recovered. « Starting 
material was recovered in 40% yield. h Quantitative recovery of starting material.

T able III. Spectroscopic Data fo r  V inylic Sulfoxides 5-11 and fo r  the Corresponding Sulfides Form ed via Equation 2

sulfoxide sulfide

IR, cm 1 
(liquid film)

NMR, 5 (CC14, J  in Hz) 
-C H 2CH =CH SO

1 7 d 0

NM R 5 (CC14, J  in Hz) 
-C H 2CHCHS-

7 ß  a m /e (M +)

(Z)-5 1042 2.52 (m, 7 , CH2), 5.92-6.20 (m, H„, H„) 2.08 (m, 7 , CH2), 5.68 (t of d, H(j, J aß = 9, 
J ßl = l),6 .08  (d, H„, J «ß = 9)

206

(E h 5 1042 2.0-2.4 (m, 7 , CH2), 6.14 (d, H„, J,,^ = 
15.6), 6.45 (d of t, Hfj, = 15.6, J ft7 
= 6.6)

2.0-2.3 (m, 7 , CH2), 6.08 (d, H„, J „ß  
= 14.8), 5.86 (t of d, H,*
= 1,4.8, Jy 7 = 6.4)

(Z )-6 7.08 (d, H„, J „>(j = 10.6),“ 6.40 (d, H(J, 
J „ ,i = 10.6)

6.29,6.38 (J „ß = 11.6) 212

(E h  6 1045 6.75 (d, J „ 0 -  15.6)” 6.58,6.71 (J(lß = 16)
2387 b 1032 6.44 (H„), 6.64-6.90 (m, 3 H, vinvl H)° 6.30-6.88 (m, 4 H, vinyl H)

8C 1040 1.52-1.60 (m, 6 H, M e2C = ), 1.88’ (s, 3 H, 
C4-Me), 5.02-5.20 (m, C.7 Hi. 5.88 (d, 
C3-H, J 2—3 = 11.3), 6.20 (d, Cr H, J i_ 2 
= 14.3), 7.16 (d of d, C2-H)

1.76 (s, 3 H, C4-Me), 5.0 (br s, C7-H), 5.80 
(d, Cr H, J 2_ 3 = 10.8), 6.10 (d, C rH , J 1>2 
= 14.4), 6.54 (d of d, C2 H)

258

9
10d

1020 5.98 (s, H„)
1.55 (s, vinyl Me)

5.88 (s, H„)
1.95 (s, vinyl Me)

11 1018 0.69 (s, Cig-Me), 0.83 (s, C19-Me), 5.78 
(s, H „),” 6.68 (s ,C 4-H )e

0.68 (s, C i8-Me), 0.88 (s, C i9-Me), 5.70 
(s, H J /6 .2 8  (s, C4-H )/

11 CDC13. b Mp 80 °C; m/e 254 (M +); sulfide mp 72-73 ° C .c Spectral data recorded only for the mixture of geometrical (-E)-l, (Z ) -3 
and (/•.’ ) - 1. (E )-3 1,3,7-nonatriene isomers. d Mp 168-169 °C. Anal. Calcd for C35H54OS: C, 80.40; H, 10.41; S, 6.13. Found: C, 80.06; 
H, 10.19; S, 6.39. Sulfide mp 138.5-139.5 °C. Anal. Calcd for C3 5H54S: C, 82.94; H, 10.65; S, 6.32. Found: C, 83.03; H, 10.69; S, 6.24. 
<• The minor geometrical isomer had 6 5.94 (s, H„l and 5.74 (s, C4-H). < The minor geometrical isomer had h 5.88 (s, H„) and 5.78 (s, 
C . HI.
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reagents instead o f vinylic Grignards. Exposing vinylic sul
foxides to ethylmagnesium brom ide/10% cuprous iodide 
causes clean deoxygenation and produces vinylic sulfides with 
retained double-bond configuration.

E x p e r im e n ta l  S e c t io n

General. Infrared spectra were taken with a Perkin-Elmer 457 
infrared grating spectrophotometer as liquid films or in CHCI3 solu
tions. NMR spectra were recorded with Jeol MH-100 or Varian A-60 
spectrometers in CDCI3 or in CC14 solution with Me4Si as internal 
standard and chemical shifts were given in 5 (ppm). UV spectra were 
taken with a Cary Model 15 spectrophotometer. Mass spectra were 
obtained with a Hitachi Perkin-Elmer RMU-6 mass spectrometer. 
Melting points were determined with a Mel-Temp melting point 
apparatus and boiling points are uncorrected. Thin-layer chroma
tography was done on commercial Analtech silica gel plates. Analytical 
gas chromatography was performed on a Varian Aerograph Model 
1200 chromatograph using a 10 ft X Vs in., 2.5% SE-30 on 100-140 
mesh Chromosorb G column. Analyses were done by Chemalytics Inc., 
Tempe, Ariz.

All reactions reported here were carried out in oven-dried three- 
neck round-bottom flasks equipped with serum stoppers, a Teflon- 
coated magnetic stirring bar, the copper salt if needed, and a T joint 
to which an argon-filled balloon had been attached. The flask was 
evacuated while being heated, then purged with argon from the bal
loon. This operation was repeated three times before addition of any 
reagent or solvent.

Reagents and Solvents. The n-butyllithium in hexane solution, 
the methyllithium and the méthylmagnésium bromide in ether so
lution, and the diisobutylaluminum hydride in hexane solution were 
purchased from Alfa Inorganics Inc., or from Aldrich Chemical Co. 
Ethylmagnesium bromide, méthylmagnésium iodide, and 2-pro- 
penylmagnesium bromide were prepared respectively from ethyl 
bromide, methyl iodide, and 2-propenyl bromide with magnesium 
turnings in THF or in ether. All organometallic reagents were titrated 
according to Watson’s method.19 Diethyl ether and tetrahydrofuran 
(THF) were distilled from a purple suspension of disodium benzo- 
phenone dianion and stored under argon over molecular sieves.

The purified grade cuprous iodide (Fisher Chemical Co.) was 
continuously extracted with THF in a Soxhlet extractor overnight 
and dried under vacuum at room temperature. The following chem
icals were obtained from commercial sources and were used without 
further purification: hexanal, citral (cis-trans mixture), cholestan- 
3-one, 4-cholesten-3-one, 2-methylpropanethiol dibenzyl sulfoxide, 
menthol, and octyne. (—)-Menthyl (—)-(S)-p-toluenesulfinate was 
prepared by the method of Estep and Tavares20 (50%): mp 108 °C (lit.5 
mp 102-104.5 °C; lit.20 mp 108-109 °C); [a]D -200° (c 0.2, acetone) 
(litA20 - 210°).

Reaction o f (-)-M en th yl (-)-(S )-p -T oluenesu lfinate with 
2-Propenylmagnesium Bromide. To a stirred solution of 7.5 mL 
(2.6 mmol) of 2-propenylmagnesium bromide in 8 mL of THF at 25 
°C 588 mg (2.0 mmol) of (-)-menthyl (-)-(S)-p-toluenesulfinate 
dissolved in THF was syringed. After 20 h at 25 °C and 11 h at reflux 
the reaction was worked up by quenching with a saturated aqueous 
ammonium chloride solution and extracting with ether. The ether 
layer was dried over K2CO3, filtered, and flash evaporated. By re
peated Kugelrohr distillation, the major part of menthol was removed 
[bp 50-60 °C (0.5 mmHg)]. The 2-propenyl tolyl sulfoxide (1) was 
purified by column chromatography on silica gel using 25% diethyl 
ether in petroleum ether as eluent to give 269 mg (75%) of an oil: NMR 
(CDCI3) 6 1.6 (s, 3 H), 2.4 (s, 3 H), 5.4 (s, 1 H), 5.85 (s, 1 H), 7.2-7.5 (m, 
4 H); IR (film) 1090,1040, 820 cm -1; m/e 180 (M+); [a]D -15.7° (c 
0.06, acetone).

Preparation of (E )-l-B rom ooctene and the Corresponding 
Grignard Reagent. Following the procedure of Zweifel,7 to a stirred 
solution of 5.5 g of 1-octyne (50 mmol) in 10 mL of hexane under ni
trogen was added dropwise 50 mmol of diisobutylaluminum hydride 
in hexane solution. The reaction mixture was maintained below 40 
°C during the addition. When the initial exothermic reaction had 
subsided, the reaction mixture was heated for 2 h at 50 °C. The hexane 
was removed under aspirator pressure. The residue was diluted with 
20 mL of anhydrous THF and was cooled to -5 0  °C. To this vinyla- 
lane solution was added dropwise via addition funnel 8 g of bromine 
(50 mmol) in 20 mL of THF. The resulting mixture was allowed to 
warm to room temperature and then cooled to -2 0  °C for 20 min, at 
which time 100 mL of 20% aqueous solution of sulfuric acid was added 
very slowly to decompose the diisobutylalane. Avery exothermic re
action was observed. After stirring for 1 h, the heat evolution had 
subsided and the reaction mixture was poured into a mixture of ice-

20% H2SO4 solution. The organic product was extracted with petro
leum ether (three times). The combined petroleum ether layer was 
successively washed with an aqueous solution of sodium thiosulfate, 
a saturated solution of sodium bicarbonate, and brine, dried over 
K2C 03, and concentrated by solvent removal under reduced pressure. 
The vinyl bromide was distilled, bp 76-77 °C (15 mmHg), to give 7.16 
g (75%) of an oil: IR (neat) 1623 (pc—c  trans), 938 cm-1 (6-HC=CH 
trans); NMR (CC14) 60.80-1.60 (m, 11, aliphatic chain) 1.92-2.24 (m, 
2, allylic CH2), 5.98 (d, 1, vinyl proton a to Br, (trans) = 13.6
Hz), 6.18 (t of d, vinyl proton /? to Br, JH„-H(i (trans) = 13.6 Hz,
'f Hs-allylic CH2 = 6 Hz).

The (E)-l-octenylmagnesium bromide was prepared in THF ac
cording to the procedure of Normant.21

Synthesis of (E )-l-O ctenyl Tolyl ( + )-(JJ)-Sulfoxide (2). To
a stirred solution of 37.5 mL of 0.4 M (E)-l-octenylmagnesium bro
mide (15 mmol) in THF atO °C under argon was added dropwise 2.21 
g of (-)-menthyl (-)-(S)-p-toluehesulfinate (7.5 mmol) in 5 mL of 
THF. After the addition was complete, the mixture was stirred 
overnight at room temperature, and then quenched with a saturated 
solution of ammonium chloride and diluted with ether. After stirring, 
the layers were separated and the aqueous phase was extracted with 
ether. The combined etheral phases were washed with brine and dried 
over potassium carbonate. Removal of ether by rotoevaporation gave 
an oil (3.10 g) as crude product. The NMR spectrum as well as the 
TLC analysis showed the sulfoxide and the regenerated menthol.

The alkenyl sulfoxide was purified by column chromatography on 
silica gel using petroleum ether-ether (60:40) as eluent. Sulfoxide 2 
(1.125 g) was isolated (60%, based on sulfinate ester): Rf 0.175 (eluent: 
hexane-ether, 60:40); NMR (CDCD 6 0.80-1.56 (m, 11, aliphatic 
chain), 2.00-2.18 [t of d, 2, allvlic CHi, J ctj = = 6 Hz,
CH2dCH2cC(H(j)=C(H„)S(—0)-] , 2.36 (s, 3, CH3 of the toluene), 6.06 
(d, 1, vinyl proton «  to the sulfoxide, -./Hn-H,, = 14 Hz), 6.46 (t. of d, 1, 
vinyl proton 3 to sulfoxide, JH„. hj (trans) = 14 Hz, J H(J-aiiyVic= 8 Hz),
7.14 (AA'XX' system, 4 protons of the toluene ring); IR (film) 1050 
cm-1; m/e 250 (M+, 14), 131 (100); [ cy] d  +104° ( c  0.05, acetone). 
Achiral 2 was prepared via the Horner-Wittig procedure2 and had 
spectral properties identical with those of chiral 2.

Benzensulfinyl Chloride. To 179 g (108 mL, 1.5 mol) of freshly 
distilled thionyl chloride contained in a 500-mL round-bottom flask 
equipped with a calcium chloride drying tube was added in small 
portions at room temperature 32.8 g (0.2 mol) of powdered sodium 
benzenesulfinate. A vigorous reaction occured with evolution of gas. 
The resulting reaction mixture, a clear yellow viscous oil, was stirred 
for 2 h at room temperature. The excess thionyl chloride was removed 
by evaporation under reduced pressure with bath temperature <50 
°C. Anhydrous ether (50 mL) was added to the residue and the solvent 
was evaporated in order to eliminate any trace of thionyl chloride. 
This procedure was repeated twice. Anhydrous ether (25 mL) was 
added to the residue. After stirring for 10 min, the sulfinyl chloride 
in ethereal solution was separated from the inorganic material by 
filtration under an inverted funnel connected to a source of nitrogen 
to provide an inert atmosphere during the filtration. Removal of the 
solvent by distillation at reduced pressure first at 15-20 mmHg, then 
at 1 mmHg for 3 h, gave a clear pale yellow oil.

(-)-M en th y l (-)-(S)-Benzenesulfinate. In a 3-L three-neck 
round-bottom flask equipped with a long magnetic stirring bar, an 
addition funnel, glass stopper, and a long Vigreux column with a 
calcium chloride drying tube, benzenesulfinyl chloride (from 0.2 mol 
of the corresponding sodium salt), 31.2 g (0.2 mol) of (-)-menthol, 
and 300 mL of dry ether were placed. To this well-stirred ethereal 
solution at room temperature was added very fast 32.5 mL (0.4 mol) 
of pyridine (freshly distilled over CaH2). The resulting reaction 
mixture was stirred at room temperature. After stirring overnight, 
the reaction mixture was filtered with suction to remove pyridinium 
hydrochloride, which was washed with ether (three times). The 
combined ethereal filtrate was washed with 50-mL portions of cold 
water (four times) and 50-mL portions of 10% hydrochloric acid (four 
times) followed by water (two times) and dried over magnesium fil
trate. After removal of ether by rotevaporation a colorless oil was 
obtained. This oil was not easily crystallized upon cooling to —78 °C. 
Attempts were made to crystallize in aqueous methanol with careful 
cooling, and colorless needle crystals were obtained, mp 46 °C. An
other recrystallization from methanol and three recrystallizations 
from pentane gave a solid: mp 51-51.5 °C (lit.22 49-51 °C; lit.5 51-52 
°C); NMR (C D C I3) 6 0.68-1.00 (m, 10, (CH3)2CH and CH3of the cy
clohexane ring), 1.00-2.40 (m, 8, protons of the cyclohexane), 4.05 (d 
of d of d, 1, axial proton a  to the sulfinate group, J h„ - h„  = 10.4 Hz, 
JiWHeq = 5.2 Hz), 7.48 (m, 3,2 meta protons and para protons of the 
benzene ring), 7.64 (m, 2 ortho protons of the benzene ring); [«]jp 
—200° (c 0.2, acetone) (lit.22 —205.5°).



Preparation of Chiral (Ê)-l-Alkenyl Sulfoxides J. Org. Chem., Vol. 43, No. 21,1978 4135

Synthesis of (E )-l-O ctenyl Phenyl (+ )-(R )-S u lfox ide (3 ).To
the (E)-l-octenylmagnesium bromide prepared in THF (19.6 mL of 
0.82 M, 16.0 mmol) at ca. 0 °C 2.24 g (8 mmol) of benzenesulfinate 
ester in 5 mL of THF was added dropwise. The reaction was stirred 
and warmed to room temperature overnight. NH4Cl-saturated solu
tion (20 mL) was added. The usual workup afforded an oil which 
contained the regenerated menthol. The menthol was removed by 
distillation under vacuum [50-60 °C (0.5 mmHg)]. The product was 
distilled under vacuum [100 °C (0.2 mmHg)] and further purified by 
short column chromatography on silica gel using 30% ether-petroleum 
ether as solvent. The product (3) was obtained as an oil (1.23 g, 65%): 
NMR (CCD 5 0.72-1.64 (m, 11, aliphatic chain), 2.04-2.4 (m, allylic 
CH2), 6.20 (d, 1, vinyl proton a to the sulfoxide group, = 76
Hz), 6.54 (t of d, vinyl proton Q to the sulfoxide group, J ho-Hu = 16 Hz, 
J /j-aiiyiic c h 2  = 6.4 Hz), 7.36-7.72 (m, 5, aromatic protons); IR (film) 
1050 cm-1; m/e 236 (M+, 15), 104 (100); [a]p +81.8° (c 0.16, acetone). 
Achiral 3 was prepared via the Horner-Wittig procedure3 and had 
the same spectral properties as those for chiral 3.

Synthesis of tert-Butylsulfinic Acid. To an oven-dried argon- 
flushed three-neck 250-mL round-bottom flask space equipped with 
an efficient mechanical stirring device and glass stopper, 2.25 g of 
2-methylpropanethiol (teri-butyl mercaptan) (25 mmol)23 dissolved 
in 10 mL of dry methylene dichloride was placed and cooled to 40 
°C. At0.5-h intervals a slurry (10 mL) of a precooled suspension (-78  
°C) prepared from 50 mmol of m-chloroperoxybenzoic acid in 100 mL 
of dry methylene chloride was pipetted into the mercaptan solution 
with vigorous stirring (exothermic reaction). After 20 times addition, 
the resulting white suspension was stirred at —30 °C overnight. The 
suspension was then cooled to —78 °C and filtered rapidly on a sin
tered glass funnel. The filtrate containing some white suspension was 
cooled to —78 °C and filtered to remove all m-chloroperbenzoic acid. 
The filtrate was evaporated to yield a white solid. The product was 
kept in an evacuated desiccator (P2O5) to remove the last traces of 
moisture: 2.62 g (86%); IR(CHC13) 3000-2500 (5-COOH), 1060 cm-1 
(i/S=o); NMR (CDCI3) <5 1.20 (s, 9, teri-butyl), 10.48 (s, 1, COOH, 
exchangeable with D2O); m/e 122 (M+); a larger scale reaction with 
0.15 mol of f-BuSH gave the same result.

Preparation of (-)-M enthyl (—)-(S)-tert-Butylsulfinate. (A) 
Preparation of Sulfinyl Chloride. To the obtained teri-butylsul- 
finic acid (prepared from 0.15 mol of teri-butyl mercaptan) cooled 
at —40 °C was added 89.2 g (0.75 mol) of freshly distilled thionyl 
chloride with exclusion of moisture. During addition, the reaction 
mixture was vigorously stirred. A yellow solution resulted. The mix
ture was allowed to warm to room temperature and stirred for 2 h at 
that temperature. Excess thionyl chloride was removed under vacuum 
with complete exclusion of moisture. A brown thick oil was obtained. 
The crude sulfinyl chloride was used in the following step without 
further purification.

(B) Preparation of Sulfinate Ester. To the solution of sulfinyl 
chloride in 200 mL of dry ether under argon with stirring at -7 8  °C 
was added dropwise a solution of 23.4 g of (—)-menthol (0.15 mol) in 
30 mL of dry pyridine. An immediate white precipitate was formed. 
After completion of the addition, the mixture was stirred at -7 8  °C 
for 3 h. The reaction was allowed to warm to 5 °C and stirred at that 
temperature overnight. More ether was added and the suspension was 
added to a solution of 5% NaHC03. The organic products were ex
tracted with ether. The ethereal layer was washed successively with 
5% cold HC1 solution, 5% sodium bicarbonate solution, and brine, and 
dried over potassium carbonate. After evaporation of ether a yellow 
oil was obtained (32 g). The NMR spectrum of the crude product 
showed a mixture of the desired ester and the 1-menthol. Some crude 
product (7.45 g) was purified by column chromatography on silica gel 
using pentane-ether (85:15) as eluent to yield 4.33 g. The overall yield 
of the three forementioned steps (from mercaptan to sulfinate ester) 
was 48%: IR (neat) 1125 (vs=o of sulfinate), 1350, 1365 cm-1 (gem- 
dimethyl group); UV (C2H6OH) Amax 217.5 nm; NMR (CDCI3) <5 
0.72-1.00 (m, 10, (CH3)2CH- and CH3 on the cyclohexane), 1.00-2.16 
(m, 8, protons of the cyclohexane), 1.10 (s, 9, teri-butyl), 3.97 (t of d 
of d, 1, axial proton a to the sulfinate group, J ax_ax = 10 Hz, J a!M!q = 
4 Hz); mass spectrum24 m/e 260 (M+), 203 (M+ — t-Bu), 155 (M+ — 
O-menthyl), 139 (menthyH), 105 (t-B uS=0+), 57 (t-Bu+, base peak); 
[a]o -110.5° (c 0.04, acetone).

Synthesis of tert-Butyl (E )-l-O ctenyl (+ ) - ( i f  (-Sulfoxide (4). 
To a stirred solution of 14.4 mL of 0.55 M (E)-l-octenylmagnesium 
bromide (7.92 mmol) in THF at 0 °C under argon was added dropwise
1.56 g of menthyl tert -butylsulfinate (6.0 mmol) in 2.5 mL of dry ether. 
The reaction mixture was stirred at 0° for 4 h and 1 h at room tem
perature, and then quenched with 50 mL of a saturated aqueous so
lution of ammonium chloride and diluted with ether. After stirring, 
the layers were separated and the aqueous phase was extracted twice

with ether. The combined organic phases were washed with brine and 
dried over potassium carbonate. Rotoevaporation of ether left the 
crude product, 2.55 g (theoretical, 1.30 g). The vinyl sulfoxide was 
purified by column chromatography on silica gel using petroleum 
ether-ether (75:25) as eluent; 0.658 g of vinyl sulfoxide 4 (51% yield 
based on sulfinate ester) was isolated. The sulfoxide was further pu
rified by bulb-to-bulb distillation: bp 100 °C (1.3 mmHg); IR (liquid 
film) 1630 (HC=CH trans), 1050 cm-1 (rs—o sulfoxide); NMR 
(CDCI3) 5 0.80-1.52 (m, 11, aliphatic chain), 1.21 (s, 9, tert-butyl),
2.10-2.36 (m, 2, allylic CH2), 6.10 (d, 1, vinyl proton a to sulfoxide, 

(trans) = 15.2 Hz), 6.44 (t of d, 1, vinyl proton a to sulfoxide, 
JHcr-Un (trans) = 15.2 Hz, JH^aiiyiic c h 2 = 6.4 Hz); m/e 216 (M+), 57 
(i-Bu+, base peak); [ o ] d  —35.3° (c 0.52, acetone).

Anal. Calcd for C12H24OS: C, 66.60; H, 11.18; S, 14.82. Found: C, 
66.87; H, 10.92; S, 14.62.

General Procedure for Synthesis of Achiral Alkenyl Phenyl 
Sulfoxides. The alkenyl phenyl sulfoxides were prepared according 
to the Horner-Wittig method from the corresponding carbonyl 
compounds and lithium diethyl phenylsulfinomethylphosphonate 
in THF.3 A representative example is given below.

Cholestane Sulfoxides (Z ) -9 and (E )-9. 5a - C h ole s t an - 3 - one 
(1.933 g, 5 mmol) was added to a stirred solution of lithium diethyl 
phenylsulfinomethylphosphonate (5.5 mmol) in THF at -7 8  °C. The 
reaction was stirred for 4 h at —78 °C, and then at room temperature 
overnight. The crude product obtained after the usual workup con
tained two isomeric vinyl sulfoxides. The TLC analysis (hexane-ether, 
1:1) showed two spots (Rf 0.333 and 0.174). By column chromatog
raphy on silica gel using hexane-ether (70:30), these two isomeric 
sulfoxides were separated: isomer (E)-9 1.285 g (50%, Rf 0.33, mp
164-165 °C) and isomer (Z)-9 (geometry tentatively assigned) 0.810 
g (32%, Rf 0.17, mp 147-148 °C); IR (CHC13) (£)-91618 (cc=c), 1580, 
1475, 1470, 1445 (aromatic), 1020 cm' 1 («s- o ) ;  (Z)-9 1618 (ec=c), 
1580, 1472, 1465, 1445 (aromatic), 1020 cm-1 (i>s=o). The NMR 
spectra (CDCI3) of these two isomers were identical: b 0.68 (s, 3, CH3 
at C-18) 0.84 (s, 3, CH3 at C-19), 5.98 (s, 1, vinyl proton), 7.40-7.74 (m, 
5, aromatic protons).

Anal. Calcd for C34H6->OS [(E)-9]: C, 80.25; H, 10:30; S, 6.30. Found: 
C, 80.35; H, 10.33; S, 6.23.

Anal. Calcd for C34H52OS [(E)-9]: C, 80.25; H, 10.30; S, 6.30. Found: 
C, 80.10; H, 10.44; S, 6.28.

Reduction of Phenyl Vinyl Sulfoxides with Ethylmagnesium 
Bromide and 10% Cul. General Procedure. To a stirred suspension 
of 0.3 equiv of purified Cul in dry ether at 0 °C under argon, 3 equiv 
of ethylmagnesium bromide in ether solution was added via syringe. 
The resulting mixture was stirred for 15 min and 1 equiv of vinyl 
sulfoxide in ether solution was added. The reaction was stirred at 0 
°C for 1 h, and then quenched by addition of 10 mL of saturated 
ammonium chlorine solution. The organic product was extracted into 
the ethereal layer, which was washed with brine, dried over potassium 
carbonate, filtered, and rotoevaporated to yield the sulfide. A repre
sentative example is given below. Authentic sulfides for comparison 
were prepared by the Corey-Shulman procedure.16

Reduction o f Cholestane Sulfoxide (E )-9. The reaction was 
carried out according to the general method with 0.127 g (0.25 mmol) 
of the sulfoxide. The sulfoxide was dissolved in a minimum volume 
of THF and was added to the reaction mixture Grignard-Cul in ether. 
After chloroform extraction, TLC (using petroleum ether-ether, 8:2) 
analysis of the crude product indicated the presence of the vinyl 
sulfide { R f  0.6) and the starting material (R f  0). By preparative TLC 
(n-pentane) 86.2 mg of vinyl sulfide was isolated (70%) and 20 mg 
(16%) of the starting material was recovered: IR (CHC13) 1605 (i<c=c), 
1582,1475,1465,1445 cm-1 (aromatic); NMR (CDC13) b 0.68 (s, CH3 
of C-18), 0.84 (s, CH3 of C-19), 5.88 (s, 1, vinyl proton), 7.24-7.42 (m, 
5, aromatic protons). These spectral data were the same as those of 
an authentic sample of the sulfide.
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«-Halo sulfoximines have been prepared by the chlorination of IV-methyl- and iV-chlorosulfoximines with tert- 
butyl hypochlorite (BHC) and by amination of «-halo sulfoxides with mesitylsulfonyloxyamine. «-Chlorination 
of S-butyl-lV.S-dimethylsulfoximine with BHC occurred only at the S-methyl. Reaction of S-butyl- or S-ethyl-N- 
methyl-S-phenylsulfoximine with BHC gave a single diastereomer.

This paper describes the preparation of a new class of 
compounds, «-halo sulfoximines.

C h lorin a tion  o f  S u lfox im in es . We have found that S- 
(chloromethyl)-N-methyl-S-phenyisulfoximine (2 ) is pro
duced by reaction of 1 with te r t-butyl hypochlorite (BHC) in 
dichloromethane with potassium carbonate present (eq 1).

II BHC, o °c II II
PhSCH;; —  -  T, „ „  »■ PhSCH.Cl +  PhSCHCL

1 c h 2c i2, k 2c o 3

NMe
1

NMe
2 (75%)

NMe
3 (lio)

(1)

0II
PhCRSCH,

NnsS0 2 - O -  CR.Br

The base suppresses the formation of the hydrochloride of 1 
(isolated in about 1 0% yield in the absence of base), which 
results from HC1 production in a side reaction. Production of 
the hydrochloride increases to about 50% when the reaction 
is conducted at ambient temperature in te r t -butyl alcohol. 
The presence of added hydroquinone has little effect on the 
product distribution, suggesting that a radical process is not 
operating. The ability of the sulfonimidoyl group to deactivate 
the « position in radical reactions is revealed by the lack of 
production of a bromomethylsulfoximine when 1 is treated 
with At-bromosuccinimide in the presence of light and per
oxide and by the result shown in eq 2 . We suggest the mech

anism shown in Scheme I (X = O-f-Bu) for the BHC reaction. 
Support for the ylide mechanism comes from an independent 
generation of 5. When N-chloro-S-methyl-S-phenylsulfox- 
imine is treated with trimethyloxonium fluoroborate and the

Scheme I
0 0II II

PhS+CH, X -  
1

^  PhS CH.
1

/ N\ / N\
? Cl Me Cl

4 5

0022-3263/78/1943-4136$01.00/0 © 1978 American Chemical Society



Preparation of a-Halo Sulfoximines J. Org. Chem., Vol. 43, No. 21,1978 4137

Table I. P roducts o f  R eaction  o f  tert-B utyl H ypochlorite 
and »S'-Aryl-JV,»S-dimethylsulfoximes in D ich lorom ethane/ 

K 2C 0 3 at 0 °C
0

R— SCHoCl 

NMe

R
registry

no.

isolated
yield,

% mp [bp], °C

H 67069-79-8 75 [122-125 (0.2 mm)]
ch 3 67087-28-9 61 99.5-100
och3 67087-58-5 56 75.5-76.5
Cl 67087-56-3 58 [95-98 (0.1 mm)]
no 2 67087-55-2 60 136.5-138

resulting salt (4, X = BF4) is subjected to base, 2 is produced. 
Various S  - a ry 1 - N , S - d i meth y Isul fo x i rn i n e s were halogenated 
with BHC. The summary in Table I shows that chlorination 
occurs in good yield with either electron-donating or -with
drawing substituents on the aryl group.

The reaction of BHC with the S-ethylsulfoximine 6a in 
dichloromethane/K2C0 3  was unsatisfactory; the major 
product was the hydrochloride of 6 . a-Chlorination was 
achieved in fair yield with BHC in dimethylformamide 
(DMF); interestingly, this chlorination resulted in the pro
duction of a single diastereomer, 7a (eq 3). This diastereomer 
could be equilibrated with its epimer 7'a in refluxing metha- 
nolic KOH. The well-separated N-methyl singlets in the NMR 
spectra of mixtures of 7a and 7'a provided a sensitive probe 
for analysis. Under the above conditions an equilibrium ratio 
of 56% 7a/44% 7'a was observed. The S-butylsulfoximine 6b 
also gave rise to a single «-halo diastereomer 7b, which could 
be equilibrated to a 58% 7b/42%  7 'b  mixture in refluxing 
methanolic KOH (eq 3). At this time we cannot provide in-

0 0
II

PhSCH.R
II

MeN

BHC

D M F
k 2c o 3

II
PhS— CHR

K O H

MeN Cl

6 7
a, R = CH3 ; b, R = CH2CH2CH3

r (3)

formation about the relative stereochemistries of the chiral 
sulfur and carbon centers in 7a and 7b. The remarkable 
stereoselectivity in these halogénations may stem from an 
intramolecular halogen transfer, e.g., from 5 to 2, Scheme I.

Chlorination of S-butyl-N,S-dimethylsulfoximine with 
BHC resulted only in substitution at the S-methyl to yield 8 . 
We were unable to achieve chlorination with BHC at the 
methine of 9. The reactivity and regiochemistry appear to be 
controlled by «-CH acidity.1

The reaction of BHC with S-methyl-S phenylsulfoximine 
(10) yields the iV-chloro derivative 11, as expected (eq 4) . 2

0 0

TV
II

BuSCH2Cl
II ■ 4 0

NMe MeN
8 9

0 0 0
II BHC II BHC PhSCH.

II
PhSCH,

II
------► PhSCH

II
; TsOH

NH NCI NCI
10 11 12

Compound 11 is recovered after being subjected to a refluxing 
solution of excess BHC in dichloromethane for 3 days. No 
reaction had occurred after 11 had stood for 18 h at room 
temperature in the dark in neat BHC. If, however, a crystal 
of p-toluenesulfonic acid (TsOH) is added to either a neat or 
dichloromethane solution of the reactants at room tempera
ture, a rapid reaction ensues resulting in a 90% yield of N -  
chloro-S-(chloromethyl)-S-phenylsulfoximine (12) (eq 4). The 
two most obvious possibilities for the role of the acid are: (1 ) 
protonation of BHC at oxygen to generate a more powerful 
electrophilic reagent; and/or (2 ) protonation of the sulfoxi- 
mine at nitrogen to give a salt, the precursor of an ylide which 
accepts a positive halogen in an intra- or intermolecular re
action.

/V-Tosyl- and N-benzoylsulfoximines failed to yield a -  
chloro derivatives when exposed to BHC at room temperature 
or above. Addition of acid had no effect.

a-Chloro derivatives of “free” sulfoximines were prepared 
by reduction of the above mentioned N,a-dichIoro compounds 
with sodium sulfite. Such “free” sulfoximines can be trans
formed to /V-tosyl derivatives by reaction with p-toluene- 
sulfonyl chloride in pyridine (e.g., eq 5).

N a 2S 0 3 
12 -------------

0  0
Il TsCl II

PhSCH2Cl PhSCFLCl

NH NTs
13 14

0

PhJcH,
II '
NTs

(5)

Although it was anticipated that all of the reactions de
scribed above occur without perturbation of the configuration 
of the sulfonimidoyl sulfur, several stereochemical reaction 
cycles were completed to verify this expectation (Schemes II 
and III).

A nim ation  o f  a -H a lo  S u lfox ides. An alternative approach 
to the synthesis of the unsubstituted «-halo sulfoximines was 
developed which differs from those descirbed above in that 
the halogen is added at the sulfoxide stage. Recent reports in 
the literature indicate several good methods are available for 
preparing the acid-sensitive halo sulfoxide.3 For example, 
chloromethyl phenyl sulfoxide can be obtained in 55% yield 
by treating methyl phenyl sulfoxide with N-chlorosuccinimide 
in the presence of a catalytic amount of p-toluenesulfonic acid. 
a-Halo sulfoxides can be converted to sulfoximines by suc
cessive treatment with mesitylsulfonyloxyamine (MSA) and 
base, usually sodium hydroxide.4

Although high yields of sulfoximines are generally obtained 
by the “MSA method” ,4 the introduction of an a-halo sub
stituent was found to reduce the yield substantially. For ex
ample, treatment of the chloromethyl phenyl sulfoxide with 
excess MSA in dichloromethane followed by basic workup 
resulted in only 30% of a-halo sulfoximine 13 with a consid
erable recovery of starting halo sulfoxide (eq 6 ). By compar
ison, methyl phenyl sulfoxide is converted to the S-methyl- 
S-phenylsulfoximine under these conditions in 95% yield. The

Scheme II
BHC Zn

1
a]25D +179° [a]25D +13.5° Me° H [a]25o +177°

Scheme III
BH C BHC

10 — »- 11 — *- 12
[a]25D +30.8° [o]2Bd +222.3° TsOH

Na2SO:j
13 — » . 10

[ « ] 25D +4.5° MeOH [ « ] 25D +30.0°



4138 J. Org. Chem., Vol. 43, No. 21,1978 Johnson and Corkins

0
II

PhSCH.Cl + 2. NaOH
13 (6 )

addition of more MSA (2-3 equiv) over a period of 18 h did not 
increase the yield of chloro sulfoximine. Presumably the lower 
yield of halo sulfoximines results from a decrease in reactivity 
of the halo sulfoxide toward MSA due to the inductive effect 
of the halide. The slower reaction between these reagents al
lows decomposition of the oxidizing agent, MSA, to compete 
with amination.

The nature of the MSA decomposition is thought to proceed 
according to Scheme IV. The stoichiometric ratio of MSA to 
nitrogen determined experimentally (4:1, respectively) is 
consistent with that indicated. A benzene solution of MSA at 
room temperature gives off nitrogen slowly. A white precipi
tate is formed in the reaction, presumably the salt of mes- 
itylenesulfonic acid and hydrazine. The presence of diimide 
was inferred by carrying out the decomposition in the presence 
of cyclohexene. Cyclohexane was identified by VPC. A similar 
decomposition of hydroxylamine-O-sulfonic acid has been 
observed.5

It was found that yields up to ~60% of halo sulfoximines can 
be obtained if the amination is carried out in acetonitrile or 
nitromethane. These results are summarized in Table II.

E xperim en ta l S ection

The following N-methylsulfoximines were prepared by the Es- 
chweiler-Clarke méthylation of the corresponding N-unsubstituted 
sulfoximines:6 N,S-dimethyl-S-phenylsulfoximine, 77.5% yield, 
colorless oil, bp 110 °C (0.4 mm) (Kugelrohr distillation); (+)-(S)- 
N,S-dimethyl-S-phenylsulfoximine, [ « ] d  +179° (c 1.02, acetone);6 
N,S-dimethyl-S-p-tolylsulfoximine, 80.3% yield, colorless oil, bp
108-110 °C (0.5 mm) (Kugelrohr distillation); S-(p-methoxy- 
phenyl)-N,S-dimethylsulfoxirnine, 75% yield, colorless oil, bp 123-126 
°C (0.5 mm) (Kugelrohr distillation); S-(p-chlorophenyl)-N,S- 
dimethvlsulfoximine, 68% yield, colorless oil; N,S-dimethyl-S-(p- 
nit.rophenyl)sulfoximine, 48.8% yield, pale yellow needles, mp 128-129 
°C; S-butyl-N,S-dimethylsulfoximine, 64.5% yield, colorless oil, bp
89-92 °C (0.1 mm) (Kugelrohr distillation); S.S-dibutyl-jV-methyl- 
sulfoximine, isolated by column chromatography (AI2O3/CHCI3) in 
20.5% yield, colorless oil, bp 98-101 °C (0.1 mm) (Kugelrohr distil
lation); S-ethyl-N-methyl-S-phenylsulfoximine, 77% yield, colorless 
oil, bp 97-100 °C (0.1 mm) (Kugelrohr distillation); S-butyl-A-

T able II. a-H alosuIfoxim ines from  the R eaction  o f M SA 
and a-H alo Sulfoxides in A ceton itrile

0
II

R— SCHXR'
II

NH

isolated
registry yield,

R R' X no. % mp, °C

n-Pr Et Cl 67087-46-1 45 50-53°
n -Bu n-Pr Cl 67069-95-8 60 42-43°
Ph H Cl 67087-40-5 63 47.5-48.5
Ph H Br 67087-42-7 20 5 63-64

° Single diastereomer. 6 Reaction in dichloromethane.

Scheme IVa
ArS03NH2 — ► ArS03NHNH, +  ArSO;JH 

j-ArSO.H

- H N =N H  — Na +  NH.NH-, 

a Ar = mesityl.

methyl-S-phenylsulfoximine, 75% yield, colorless oil, bp 100-110 °C 
(0.2 mm) (Kugelrohr distillation). S-Cyclohexyl-N-methvl-
S-phenylsulfoximine, bp 108-110 °C (0.1 mm), was prepared by 
methylating S-cyclohexyl-S-phenylsulfoximine with trimethyloxo- 
nium fluoroborate.

S-Benzyl-S-methyl-lV-tosylsulfoximine. This material was 
isolated in 36.9% yield as a white solid, mp 128-129 °C, by reacting 
benzyl methyl sulfoxide with p-toluenesulfonyl azide in the presence 
of Raney-copper catalyst.7

Chlorination of iV-Methylsulfoximines with tert-Butyl Hy
pochlorite* (BHC). The apparatus used in this experiment was 
protected from light by wrapping in aluminum foil. The addition of 
BHC was made in subdued light. To a solution of the sulfoximine (2.43 
mmol) in dichloromethane (10 mL) was added 1.5 equiv of anhydrous 
potassium carbonate. The stirring mixture was cooled in an ice bath 
and BHC (5% excess) added slowly via syringe. The ice bath was re
moved and the mixture was stirred for 15-20 min. After filtration the 
solution was concentrated by rotary evaporation to give a crude 
product. The chloro sulfoximines were isolated by either column or 
thick-layer chromatography (silica gel/ether). If desired small 
amounts of dichloro sulfoximines and unreacted starting materials 
could be isolated from the chromatography. The compounds listed 
in Table I and S-but.yl-S-(chloromethyl)-)V-methylsulfoximine, bp 
93-95 °C, (0.1 mm) were prepared by this method.

S-(l-Chioroethyl)-JV-methyl-S-phenylsulfoximine (7a) was 
prepared according to the above procedure using DMF as the solvent 
(4.0 mL/0.2 mmol of sulfoximine) and leaving out the carbonate. After 
the slow addition of BHC to a cold solution of the sulfoximine, the ice 
bath was removed and the solution was stirred for 5 h. The colorless 
solution was poured into an equal volume of saturated sodium chloride 
solution and extracted with three volumes of diethyl ether. Washing 
the combined ether extracts with water, drying (MgSOA, and con
centrating by rotary evaporation gave a crude oil. The chloro sulfox
imine was isolated by thick-layer chromatography (silica gel/diethyl 
ether) in 44.5% yield as a colorless oil, bp 95-96 °C (0.1 mm) (Kugel
rohr distillation). NMR showed this material to be only one diaste- 
reomer.

S-(l-Chlorobutyl)-IV-methyl-S-phenylsulfoximine (7b). Using 
the procedure described for 7a, 7b was isolated by thick-layer chro
matography (silica gel/diethyl ether) in 43.5% yield as a colorless oil, 
bp 86-87 °C (0,1 mm) (Kugelrohr distillation). NMR showed this 
material to be one diastereomer.

Epimerization of S-(l-Chloroethyl)-Ar-methyl-S'-phenyl- 
sulfoximine (7a). To 0.138 g (0.689 mmol) of diastereomerically pure 
7a in 6.6 mL of methanol was added 4.2 mL of 1 M KOH. The solution 
was refluxed for 8.5 h. After cooling, the reaction mixture was con
centrated to half its volume by rotary evaporation, saturated with 
sodium chloride, and extracted with three equal volumes of diethyl 
ether. The combined ether extracts were washed with 5 mL of water, 
dried (MgSOfl, and concentrated to give 0.125 g (90.6%) of crude oil, 
bp 96-98 °C (0.1 mm) (Kugelrohr distillation). NMR data revealed 
a 44:56 mixture of chloro sulfoximines 7a/7'a.

Epimerization of S-(l-Chlorobutyl)-Af-methyl-S-phenyl- 
sulfoximine (7b) under reflux for 27 h in methanolic KOH resulted 
in a 43:57 mixture of chloro sulfoximines 7b/7'b as ascertained by 
integration of the A-methyl singlets after the addition of europium 
shift reagent [Eu(fod)a].

Methylation of A'-Chloro-S-methyl-ii-phenylsuIfoximine.
To 0.621 g (4.0 mmol) of trimethyloxonium fluoroborate slurried in 
25 mL of dichloromethane was added 0.753 g (4.0 mmol) of 11. The 
mixture was warmed in hot water for 5 min and then allowed to stir 
at room temperature for 2 h. A small amount of a white precipitate 
was removed by filtration. Addition of anhydrous ether to the filtrate 
caused precipitation of the fluoroborate salts, mp 76-81 °C. After 
collecting by filtration, the salts were washed with a copious amount 
of anhydrous ether to remove any unreacted starting sulfoximine. 
Attempts at recrystallization of the white solid were unsuccessful. The 
NMR spectrum of this white solid as well as its chemistry was con
sistent with a mixture of (M-chloro-iV-methylamino)methylphen- 
yloxosulfonium fluoroborate (4, X = BF4) and lV,S-dimethyl-S- 
phenylsulfoximine hydrofluoroborate.

Reaction of Fluoroborate 4 with Base. A. To 0.254 g of the above 
mixture of fluoroborate salts dissolved in 20 mL of dichloromethane 
and cooled to 0 °C with added 0.120 g (0.87 mmol) of anhydrous po
tassium carbonate and 0.097 g (0.87 mmol) of potassium ferf-bu- 
toxide. After stirring 1 h at 0 °C and 11 h at room temperature, the 
mixture was filtrated and concentrated to give 0.154 g of crude oil. The
S-(chloromethyl)-N-methyl-S-phenylsulfoximine and N ,S-di- 
methyl-S-phenylsulfoximine were found to be components of the oil 
by TLC and NMR by comparison to that of authentic materials.



Preparation of a-Halo Sulfoximines J. Org. Chem., Vol. 43, No. 21,1978 4139

B. To 0.202 g of sodium hydride slurried in 10 mL of dry THF was 
added 0.296 g of the above mixture of fluoroborate salts. A smooth 
evolution of hydrogen was observed. After stirring at room temper
ature 30 min the excess hydride was destroyed by the addition of 10 
mL of saturated aqueous sodium chloride. Extraction with diethyl 
ether, drying (MgS04), and concentrating by rotary evaporation re
sulted in 0.208 g of oil. The NMR spectrum and TLC of this oil showed 
the presence of S-(chloromethyl)-iV-methyl-S-phenylsulfoximine 
along with A/S-dimethyl-S-phenylsulfoximine by comparison to that 
of authentic materials. The relative percentages of the sulfoximines 
were 42.3 and 57.7%, respectively.

Radical Bromination. To 0.3254 g (1.00 mmol) of S-benzyl-S- 
methyl-/V-(p-tolylsulfonyl)sulfoximine in 10 mL of benzene was 
added 0.1869 g (5% excess) of N-bromosuccinimide and a few milli
grams of benzoyl peroxide. After refluxing 35 min and cooling, the 
reaction mixture was washed with 5 mL of 5% NaOH and water and 
dried (MgS04). Concentration by rotary evaporation gave 0.450 g of 
crude oil which showed two components by TLC. Thick-layer chro
matography of 0.300 g of this oil gave 0.246 g of a mixture of S-ben- 
zyl-lV- [(p- bromomethyl) phenylsulfonyl] -S-methylsulfoximine (63%) 
and starting sulfoximine (37%). The brominated and unbrominated 
sulfoximines were not separable to TLC.

iV-Chloro-S-(chloromethyl)-S-phenylsulfoxim ine (12). To 
0.262 g (1.38 mmol) of N-chloro-S-methyl-S-phenylsulfoximine in 
2 mL of tert-butyl hypochlorite was added a small crystal of p-tolu- 
enesulfonic acid. After 5 min the solution was concentrated by rotary 
evaporation. The resulting oils were dissolved in chloroform (10 mL) 
and washed with 10 mL of 0.5% NaOH and 5 mL of water. Drying 
(MgS04) and concentrating gave 0.307 g of crude oil. Spectral data 
(NMR) showed this oil to be a mixture of 88.7% N-chloro-S-fchlo- 
romethyl)-S-phenylsulfoximine, 10.5% N-chloro-S-(dichloro- 
methyl)-S-phenylsulfoximine, and 0.7% starting material. Longer 
reaction time, e.g., 15 min, results in an increased yield of the di- 
chloromethylsulfoximine (26.1%) at the expense of the chloromethyl 
derivative (61.2%).

Reduction of iV -Chloro-S-(chlorom ethyl)-S-phenylsulfoxi- 
mine. A solution of the sulfoximine (1.38 mmol) in diethyl ether (6 
mL) was shaken with 3.0 mL of 1 M NazSCH for 2 min. The progress 
of the reduction was monitored by TLC (silica gel/ether) of the ether 
layer. The aqueous phase was removed and extracted with 6 mL of 
ether. The combined ether layers were washed with water, dried 
(MgS04), and concentrated via rotary evaporation to give 0.219 g 
(86.6%) of an oil. Spectral data (IR and NMR) of this oil were identical 
with that of an authentic sample of S-(chloromethyl)-S-phenylsul- 
foximine prepared by another method.

(+)-(S)-S-(Chlorom ethyl)-lV-m ethyl-S-phenylsulfoxim ine. 
Reaction of (SRN.S-dimethyl-S-phenylsulfoximine, [«J25d  +179° 
(c 1.02, acetone) (98% optically pure),6 with BHC by the general 
procedure gave the product as a colorless oil: 69%; bp 110-115 °C (0.1 
mm); [ « ]25d  +13.5° (c 1.26, acetone). In addition (-)-(S)-S-(dichlo- 
romethyb-N-methyl-S-phenylsulfoximine (3) was isolated by chro
matography in 7% yield as a colorless oil: bp 125-130 °C (0.1 mm); 
[ « p D — 32.6° (c 1.55, acetone).

Reduction o f ( + )-(S )-S -(C h lorom ethyl)-iV -m ethyI-S - 
phenylsulfoximine. The chlorosulfoximine (0.357 g, 1.75 mmol),
[o]25d +13.5° (c 1.26, acetone), in 10 mL of methanol was treated with 
0.660 g (0.01 g-atom) of powdered zinc under reflux for 5 h. The 
progress of the reaction was monitored by thin-layer chromatography 
(silica gel/diethyl ether). After cooling, the mixture was filtered. The 
filtrate was made acidic by the addition of 10 mL of 10% HC1 and 
washed with two portions (10 mL) of chloroform. The aqueous phase 
was then made basic with 10% NaOH and extracted with three equal 
volumes of chloroform, dried (MgS04), and concentrated by rotary 
evaporation. The resulting crude oil was subjected to preparative TLC 
to give 0.200 g (67.8%) of (+)-(S)-/V,S-dimethyl-S-phenylsulfoximine, 
[«Pr> +176.7° (c 1.695, acetone).

(+)-(S)-IV-chloro-S-m ethyl-S-phenylsulfoxim ine (11). To 
0.712 g (4.6 mmol) of (+)-(S)-S-methyl-S-phenylsulfoximine, [ « P d 
30.8° (c 1.060, acetone), in dichloromethane (15 mL) was added 1 
equiv (0.635 g) of anhydrous potassium carbonate. The mixture was 
cooled in an ice bath while 0.55 mL (0.497 g, 4.6 mmol) of BHC was 
added dropwise. After stirring for 30 min the mixture was filtered and 
concentrated by rotary evaporation. The resulting oil was chroma
tographed (column, silica gel/ether) to give 0.667 g (76.0%) of 11 as 
yellow needles: mp 50.5-51 °C; [«]25n +222.3° (c 1.64, acetone).

(+)-(S)-S-(Chloromethyl)-S-phenylsulfoximine (13). To 0.286 
g (22.7 mmol) of (+)-(S)-Al-chlorosulfoximine 11 in dichloromethane 
(1 mL) was added a crystal of p-toluenesulfonic acid; 9 equiv of BHC 
was added in three portions while the progress of the reaction was 
monitored by TLC (silica gel/ether). The solution was then concen

trated by rotary evaporation. The residual oil was dissolved in diethyl 
ether (5 mL) and shaken for 2 min with 4 mL of 1 M Na2SC>3 solution. 
Washing with 3 mL of 0.5% NaOH and 3 mL of water followed by 
drying (MgS04) and concentration gave 0.202 g (70.6%) of 13 as a 
white solid. Recrystallization from diethyl ether gave white needles: 
mp 76-77 °C; [« ]2Sd  +4.5 ° (c 0.95, acetone).

Reduction of (+)-(S)-S-(Chloromethyl)-S-phenylsulfoximine 
(13). To a solution of 13 (0.155 g, 0.81 mmol) in methanol (10 mL) was 
added 0.582 g (8.63 mmol) of powdered zinc. The mixture was refluxed 
for 18 h. After cooling, the mixture was filtered and the filtrate was 
concentrated by rotary evaporation. The residual oil was dissolved 
in chloroform and washed with two 10-mL portions of 10% HC1. The 
acidic aqueous phase was then made basic by the addition of solid 
Na2CC>3 (caution: foaming) and 1 mL of 10% NaOH. Extraction with 
three equal volumes of chloroform was followed by washing the 
combined extracts with saturated sodium chloride solution (5 mL). 
Drying (MgS04) and concentrating gave 0.041 g of S-methyl-S- 
phenylsulfoximine, [« ]2Sd  +29.9° (c 0.74, acetone). The product was 
identified by comparison with spectral data (IR and NMR) of au
thentic material.

Amination of Halo Sulfoxides with Mesitylsulfonyloxyamine 
(MSA). To a cooled (0 °C) solution of the halo sulfoxide (0.02 mol) 
in acetonitrile (120 mL) was added 1.4 quiv of MSA. The solution was 
stirred at 0 °C for 4 h and at room temperature for 48 h. A white pre
cipitate was observed after 30 min. Concentration by rotary evapo
ration gave a semisolid which was slurried in dichloromethane (40 
mL). While cooling in an ice bath, 11.2 mL of 10% NaOH solution was 
added and the two-phased system was stirred vigorously for 15 min. 
After removal of the organic layer, the aqueous phase was extracted 
with an equal volume of dichloromethene. The combined extracts 
were washed with two 5-mL portions of saturated sodium chloride, 
dried (MgS04), and concentrated to give crude product. The halo 
sulfoximines were then purified by column chromatography (silica 
gel/30% ether-cyclohexane) and/or recrystallization. The following 
halo sulfoximines were prepared by this method: S-(l-chlorobutyl)-
S-butylsulfoximine, 59.9% yield (isolated), white crystals, mp 42-43 
°C (ether-pentane) (addition of europium shift reagent in progres
sively increasing amounts showed the presence of one diastereomer);
S-(l-chloropropyl)-S-propylsulfoximine, 45% yield (isolated), white 
crystals, mp 50-53 °C (ether-cyclohexane) (one diastereomer); S- 
(chloromethyl)-S-phenylsulfoximine, 63% yield, as white needles, mp
47.5-48.5 °C (ether-pentane); S-(bromomethyl)-S-phenylsulfoxi- 
mine, use of dichloromethane as the solvent gave 22.3% yield of the 
bromo sulfoximine as a white solid, mp 63-64 °C (ether-pentane).

Preparation of N-fp-TolylsulfonyH-a-chlorosulfoxim ines 
from Free a-Chloro Sulfoximines. To a stirring solution of the 
chloro sulfoximine (1.0 mmol) in pyridine (5 mL) was added p-tolu- 
enesulfonyl chloride (1.0 mmol). A bright yellow solution was obtained 
which turned pale yellow after 15 h. The solution was concentrated 
by rotary evaporation to a semisolid. Addition of 10 mL of chloroform 
and 10 mL of water resulted in a two-phase system. After removal of 
the aqueous phase the chloroform layer was washed with 2 mL of 5% 
HC1, 2 mL of 5% NaOH, and 2 mL of saturated sodium chloride. 
Drying (MgS04) and concentrating by rotary evaporation gave pale 
yellow crystals which were recrystallized from methanol. The fol
lowing N-tosylsulfoximines were prepared by this procedure: S- 
(chloromethyl)-S-phenyl-/V-(p-tolylsulfonyl)sulfoximine, 85.4% yield 
(white needles, mp 155-156 °C); S-butyl-S-(l-chlorobutyl)-lV-(p- 
tolylsulfonyDsulfoximine, 90% yield, white crystals, mp 102-105 °C 
(one diastereomer); S-(l-chloropropyl)-S-propyl-A '-(p-tolyl- 
sulfonyDsulfoximine, 90.2% yield, as white crystals, mp 116-118 °C 
(one diastereomer).

N-Chloro-S-m ethyl-S-phenylsulfoxim ine (11). Treatment of
S-methyl-S-phenylsulfoximine as described in the procedure for 
chlorinating IV-methylsulfoximine derivatives with BHC gave 11, 
white needles from methanol, mp 84-84.5 °C (70% yield).
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Upon treatment with base a-halc N- (p-tolylsulfonyl)sulfoximines bearing a hydrogens undergo 1,3 eliminations 
to yield alkenes in analogy to the Ramberg-Bàcklund reaction of «-halo sulfones. Treatment of benzylic a-bromo 
N-(p-tolylsulfonyl)sulfoximines with refluxing methanolic potassium hydroxide gave cis-alkenes as the major 
product, whereas under the same conditions a-chloro dialkylsulfoximines gave largely frans-alkenes. Neither NH 
nor N-methyl sulfoximines gave alkenes under the above conditions.

a-Halo sulfones undergo an interesting and facile 1,3 
elimination which has occupied the attention of chemical 
laboratories since its discovery by Ramberg and Backlund in
1940.1 (eq 1, Z = O). The question may then be asked as to

■o=s=z
-------------R C H = C H R

(1)

whether halo sulfoximines undergo a similar transformation 
(eq 1, Z = NR')- If so, how do various nitrogen substituents 
effect the reaction?

The stereochemistry observed in the alkene produced upon
1.3 elimination of tv-halo dialkyl sulfones may vary from 
predominantly cis to equal amounts of isomeric alkenes.2 If 
indeed, a similar 1,3 elimination may be made to occur with 
tv-halo sulfoximines, bulky nitrogen substituents may promote 
the formation of cis-alkenes.

A series of N-substituted cv-halo sulfoximines were pre
pared3 and treated with base in order to determine to what 
extent the reaction occurs. Refluxing diastereomerically pure 
a-chloro sulfoximines in methanolic potassium hydroxide (6 
equiv) gave the results shown in Scheme I.

The differences in the reactions of the various N-substi
tuted sulfoximines in Scheme I with methanolic potassium 
hydroxide is curious. The production of 1-butanesulfinamide 
in reaction a can be rationalized in a number of ways, including 
the transient production of a three-membered S-N hetero
cycle. At this time, we have insufficient data to justify further 
speculation. The failure of the iV-methyl derivative to undergo
1.3 elimination under the conditions of methanolic potassium

hydroxide is surprising, since the leaving group, N-sulfinyl- 
methylamine, is a stable compound. When the reaction is 
carried out with potassium deuterioxide in methanol-O-d, 
recovered starting material shows complete exchange of the 
a and a' protons with deuterium. Thus, the anion is capable 
of being formed, but apparently the elimination is slow under 
these conditions. A similar situation has been noted in the 
literature. 2-Bromothiacyclohexane 1,1-dioxide was initially 
reported not to undergo elimination after prolonged heating 
in a sodium hydroxide-dioxane solution, but later was found 
to give cyclopentene in 82% yield when exposed to potassium 
fert-butoxide in THF at 0 °C (eq 18).4 It may very well turn 
out that elimination in the present case will occur under other 
conditions.

The isolation of 4-octene when the )V-tosyl derivative 
(Scheme I) was treated with potassium hydroxide suggests 
that a reaction analogous to the Ramberg-Backlund reaction 
is operative. Several a-halo N-tosylsulfoximines were pre
pared and treated with potassium hydroxide. The cis-trans 
ratios of the alkenes produced were determined by gas chro
matography. The compounds studied can be separated into 
two structural groups, the benzylic a-bromo and the a-chloro 
dialkylsulfoximines. The results are summarized in Table I.

In the reactions of the a-bromo sulfoximines l c - e  and po
tassium hydroxide approximately 80% of the starting sul
foximines can be accounted for by two reaction pathways. One 
involves the desired 1,3-dehydrobromination leading to al
kene, sulfonamide, and potassium sulfite, while the other is 
a reduction of the bromo sulfoximines to 4 c - e .  The stereo
chemistry of the alkene produced from Id  and l e  is found to 
be predominately cis. From the a-chloro dialkylsulfoximines 
la and lb  only elimination to the alkene was observed. The

0022-3263/78/1943-4140$01.00/0 © 1978 American Chemical Society



Eliminations of a-Halo Sulfoximines J. Org. Chem., Vol. 43, No. 21,1978 4141
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stereochemistry in these cases is found to be about a 1:1 
mixture oicis- and trans-alkenes.

Scheme II rationalizes our results and is compatible with

current thinking concerning the Ramberg-Backlund reaction. 
Perhaps the first step (a) is the reversible generation of the 
a' anion resulting in epimerization at the a' carbon. The a 
anion (formed in step b) can participate in a rate-determining 
internal nucleophilic displacement of the halide at the a' po
sition to give an “ episulfoximine” intermediate (step c). A 
double inversion process analogous to that proposed in halo 
sulfone chemistry5 is assumed. The stereochemical distribu
tion of the episulfoximines will be controlled by an array of 
rate constants interlinking both the various configurational 
combinations at the «'-halo carbon and the «  carbanion and 
the corresponding episulfoximines. Expulsion of the N -sul- 
finyl-p-toluenesulfonamide, assumed to occur stereospeeifi- 
cally, will result in alkene formation (step d). (The expulsion 
of SO2 from episulfones is known to be stereospecific.) The 
distribution of diastereomeric alkenes is then determined by 
the distribution of the diastereomeric episulfoximines.

The benzylic systems, Id  and lc, which yield predominantly 
cis-alkenes, may be special cases. Due to the enhanced acidity 
episulfoximines with benzylic protons may equilibrate 
(Scheme II, step f) in favor of an episulfoximine with R and 
R' cis to one another and trans to the bulky N -Ts group prior 
to expulsion of TsNSO. Treatment of cis- 2,3-diphenylthiirane
1,1-dioxide with base results in the exclusive production of 
trans- 1,2-diphenylethene, indicating that epimerization (in

Table I. R eaction  o f  «-H a lo  iV -Tosylsulfoxim ines with Potassium H ydroxide
0  0
II KOH, MeOH H

RCH,S— CHR' ------------► RCH=CHR' + TsNH, + RCH.SCH.R'
it | reflux 11

1 4

isomer
composition 2, % yield registry 3, % 4, % registry

R R' X of 1“ (cis/trans) no. yield5 yield no.

a n-Pr n-Pr Cl puree 65 (48/52) 7642-15-1 (cis) 
14850-23-8 (trans)

81 0

b Et Et Cl pure/ c (51/49) 7642-09-3 59 0
c H Ph Br 1:1 34 13269-52-8 (cis) 

100-42-5 (trans)
49 37 38401-39-7

d c h 3 Ph Br 1:1 49 (92/8) 766-90-5 (trans) 
873-66-5 (trans)

76 19 67069-94-7

ed Ph Ph Br 1:3 94 (96/4) 645-49-8 (cis) 
103-30-0 (trans)

68 2 67-69-93-6

a Determined by NMR. b Control experiments on the isolation of 3 revealed mechanical loses of 10-20%. c Because of volatility 
the yield was not determined. d The reaction was run in aqueous dioxane/KOH. e Registry no.: 67070-02-4. f Registry no.: 67070-
01-3.
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this case, the isomer with the aryl groups trans is more stable) 
occurs prior to loss of SO2 (eq 2).6

PhCHSO,CH2Ph (2)
I
Cl

There remains the need for clarification of the mode of 
production of 4 (Table I). It is believed that potassium sulfite 
produced in the 1,3-elimination process (Scheme II) may be 
the agent responsible for the reduction of the bromo sulfox- 
imines to sulfoximines (eq 3). Apparently a-chloro sulfox- 
imines are not as readily reduced with sulfite.7

0  0
II II

PhCHSR +  K SO +  KOH —  PhCH.SR +  K SO, +  KBrIII ' 1
Br NTs NTs (3)

Experimental Section
The preparation of the following compounds has been reported in 

an earlier paper:3 S-butyl-S-(l-chlorobutyl)sulfoximine; S-butyl-
S-U-chlorobutylf/V-lp-tolylsulfonyhsulfoximine; S-(l-chloropro- 
pyl)-S-propyl-7V-(p-tolylsulfonyl)sulfoximines.

S-Butyl-S-(l-ehlorobutyl)-lV-m ethylsulfoxim ine. To 0.807 
g (3.81 mmol) ofdiastereomerically pureS-butyl-S-(l-chlorobutyl)- 
sulfoximine dissolved in 25 mL of dichloromethane and cooled to 0 
°C was added 0.5 g of anhydrous potassium carbonate and 0.586 g 
(3.86 mmol) of trimethyloxonium fluoroborate. The mixture was 
stirred at 0 °C for 30 min and then at room temperature for 18 h. After 
filtering, anhydrous ammonia was bubbled through the dichloro
methane solution. A white precipitate of ammonium fluoroborate was 
formed and removed by filtration. The filtrate was washed with two 
25-mL portions of water, dried (MgSOd, and concentrated by rotary 
evaporation to give 0.649 g of a colorless oil. Column chromatography 
gave 0.566 g (57%) of the desired TV-methyl derivative. By NMR only 
one diastereomer was present.

Amination of Sulfoxides with Mesitylsulfonyloxyamine.8
Several unsubstituted sulfoximines were obtained by the method of 
Tamura and co-workers. Treatment of a dichloromethane solution 
of the sulfoxide with mesitylsulfonyloxyamine followed by a basic 
workup gave the following sulfoximines: S-benzyl-S-methylsulfoxi- 
mine (95% yield; fine white needles from benzene-pentane; mp 81-82 
°C); S,S-dibenzylsulfoximine (84% yield; white needles from meth
anol; mp 169-170 °C); S,S-dibutylsulfoximine (71.9%; colorless 
oil).

S-Benzyl-S-m ethyl-JV-(p-tolylsulfonyl)sulfoxim ine was
prepared by reaction of S-benzyl-S-methylsulfoximine with p-tolu- 
enesulfonyl chloride in pyridine in 73% yield as a white solid, mp 
128-129 °C (pentane-ether).

S-Benzyl-.S-ethyl-iV-(p-tolylsulfonyl)sulfoximine. This ma
terial was isolated in 20.8% yield as a white crystalline solid, mp
102.5-103 °C, by reacting the corresponding sulfoxide with p-tolu- 
enesulfonyl azide in the presence of Ranev-copper catalyst.9

S.S-Dibenzyl-lV-(p-tolylsulfonyl)sulfoximine. Method A. This 
material was isolated in 27.6% yield as a white crystalline solid, mp 
166-167 °C, by reacting the corresponding sulfoxide with p-tolu- 
enesulfonyl azide in the presence of Raney-copper catalyst. Method 
B. Treatment of S,S-dibenzylsulfoximine with 1 equiv of p-tolu- 
enesulfonyl chloride in pyridine gave the derivative in 43.4% yield, 
mp 166-167 °C (pentane-ether).

Bromination of S-Alkyl-S-benzyl-iV-(p-tolylsulfonyl)sul- 
foximines. A flame-dried reaction vessel was charged with sodium 
hydride (6.2 mmol). While maintaining a nitrogen atmosphere, the 
oil from the sodium hydride dispersion was removed by washing with 
several small portions of pentane. The last traces of pentane were 
evaporated in a stream of nitrogen. After adding 5 mL of dimethyl- 
formamide (DMF) (distilled from CaH2), the stirring mixture was 
cooled in an ice bath. The addition of the sulfoximine (6.0 mmol) in 
DMF (5 mL) was made slowly via syringe. Hydrogen evolved smoothly 
for about 40 min, producing a bright red solution of the anion. This 
solution was added in one portion to a cold (0 °C) solution of bromine 
(7.0 mmol) in DMF (7 mL). The addition was made by immersing the 
tip of the syringe beneath the stirring bromine solution. After stirring 
at room temperature for 30 min the orange solution was poured into

50 mL of saturated ammonium chloride and extracted with three 
75-mL portions of chloroform. The extracts were then washed with 
50 mL of 1 M Na2S03 solution and concentrated by rotary evapora
tion. The residual oil was redissolved in a mixture of 300 mL of diethyl 
ether and 40 mL of chloroform and washed with water. The crude 
bromo sulfoximines were obtained by drying and concentration of the 
extracts.

S-(l-Brom o-l-phenylm ethyl)-S-m ethyl-j\-(p-tolylsul- 
fonyl)sulfoximine (lc ). The crude oil obtained by the general pro
cedure was subjected to thick-layer chromatography (silica gel/ether, 
developed twice). A 26.5% yield of a diastereomeric mixture (1:1) of 
the bromo sulfoximines was obtained. Fractional crystallization ef
fected partial separation of the diastereomers. One diastereomer was 
a white solid, mp 143-145 °C dec, while the other was an oil.

S-(l-Brom o-l-phenylm ethyl)-S-ethyl-iV-(p-tolyIsul- 
fonyl)sulfoximine (Id). A diastereomeric mixture of the bromo 
sulfoximines was isolated in 26.9% yield by thick-layer chromatog
raphy (silica gel/diethyl ether-cyclohexane (4:1), developed three 
times). A dichloromethane solution of the oil obtained from the 
chromatography was decolorized with activated charcoal. Addition 
of anhydrous ether precipitated the bromo sulfoximines as white solid, 
mp 118-124 °C dec. An NMR spectrum of the crystals obtained prior 
to the chromatography showed a diastereomeric ratio of 1:1.

S-Benzyl-S-(l-brom o-l-phenylm ethyl)-lV -(p-tolylsul- 
fonyl)sulfoximine (le). A diastereomeric mixture of the bromo 
sulfoximines was isolated as a white crystalline solid, mp 162-166 °C 
(ether), by thick-layer chromatography (silica gel/30% ether-cyclo
hexane, developed 12 times). Based on the weight and NMR spectrum 
of the crude yellow crystals obtained from the general procedure a 
yield of 61.8% was obtained. The diastereomeric ratio was 1:3.

Reaction of a-Halo Sulfoximines with Potassium Hydroxide. 
To the halo sulfoximine (1.0 mmol) in 10 mL of methanol was added 
6 mL of 1 N KOH. The mixture was refluxed. The disappearance of 
sulfoximine was monitored by TLC (silica gel/ether). The reaction 
mixture was cooled, saturated with sodium chloride, and extracted 
with pentane. The pentane extracts were analyzed for alkene content 
by gas chromatography using a silver nitrate-ethylene glycol column. 
The basic solution was extracted with chloroform; the extract was 
washed with water, dried, and concentrated to give recovered sul
foximine and/or sulfinamide. The basic aqueous phase was made 
acidic to litmus with 3 M sulfuric acid and extracted with chloroform; 
the extract was washed, dried, and concentrated to give p-tolu- 
enesulfonamide when present.

Reaction of S-Benzyl-S-bromobenzyl-JV-(p-tolylsulfonyl)- 
sulfoximine ( lc )  with Potassium Hydroxide. To 0.085 g (0.18 
mmol) of a diasteromeric mixture (1:3) of bromo sulfoximines lc  in
8.0 mL of aqueous dioxane (67% by volume) was added 0.6 mL of 0.1 
N KOH (6 equiv). The mixture was refluxed 30 min. The loss of bromo 
sulfoximine was monitored by TLC (silica gel/ether). After cooling, 
5 mL of saturated sodium chloride was added and the solution was 
acidified with 10% HC1. The solution was extracted with chloroform. 
The extracts were dried (MgSOj) and concentrated to give 0.052 g of 
a mixture of cis- and franx-stilbene (93.5%), S-dibenzyl-A-(p-tol- 
ylsulfonyl)sulfoximine (1.7%), and p-toluenesulfonamide (67.5%) (mp 
136-138 °C). These compounds were identified by GLC, NMR, IR, 
and TLC. VPC analysis (Apiezon L) showed 96.3% cis- and 3.7% 
frans-stilbene. On this column the cis isomer elutes first and then the 
trans.
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Treatment of l-chloro-4-[p-(carbomethoxy)thiophenoxy]-2-butanone with potassium phthalimide in acetoni
trile resulted in skeletal rearrangement with the formation of l-phthalimido-4-[p-(carbomethoxy)thiophenoxy]-3- 
butanone. The structure of the rearrangement product was established by independent synthesis and mass spec
trometry. The isolation of some intermediates from the reaction mixture gave evidence for the mechanism o f this 
reaction; these mechanistic considerations guided the successful synthesis of l-phthalimido-4-[p-(carbomethoxv)- 
thiophenoxy] -2-butanone.

As part of a continuing program1"6 aimed at developing 
folate analogues that are altered at the C9-N 10 bridge region 
for possible use as anticancer agents,7 we were interested in 
the synthesis of 11-thiohomofolic acid, which is an analogue 
of homofolic acid,8 At the outset, we explored methods for the 
construction of the partial side chain 2, which could eventually 
be elaborated to the title compound 1. In this regard, we in
vestigated the reaction between chloro ketone 5 and potassium 
phthalimide. Chloro ketone 5 was conveniently prepared by 
the nucleophilic addition of p-carbomethoxythiophenol4 to 
hydroxymethyl vinyl ketone9 and subsequent treatment of 
the resulting addition product with thionyl chloride.

Treatment of 1 equiv of chloro ketone 5 with a solution of 
2 equiv of potassium phthalimide in acetonitrile containing 
crown ether for 4 h at ambient temperature and subsequent 
workup of the reaction mixture gave a product that displayed 
NMR resonances at 7.9 (d, J = 9 Hz, 2 H), 7.8 (c, 4 H), 7.3 (d, 
J = 9,2 H), 3.97 (t, J = 1,2 H), 3.9 (s, 3 H), 3.8 (s, 2 H), and
3.09 (t, J = 7, 2 H) ppm. These resonances, although they 
appeared to be consistent with the expected structure 3a, were 
proved to be due to the alternate structure 4a. This compound, 
on reaction with hydroxylamine, gave an oxime and on ke- 
talization with ethylene glycol gave a crystalline ketal. 
Treatment of the oxime with hydrazine, in a standard hy- 
drazinolysis reaction, liberated an aminoacetonyl oxime, 
which was different from 2a, but reacted with 2-amino-6- 
chloro-4-hydroxy-5-nitropyrimidine4 to obtain an interme
diate (7a). This reaction product, possessing spectral char
acteristics and giving analytical data consistent with either 
structure 7a or 8a, was deprotected at the carbonyl function 
using trifluoroacetic acid and 1 N HC1, as previously de
scribed.5 The deprotected nitro ketone thus obtained was 
subjected to the dithionite reduction and one-step cyclization 
oxidation technique to generate the homopteroic acid ana
logue 9.4.5>10 Although the dithionite reduction of the nitro 
group to the amino group worked well, the subsequent cycli
zation of the pyrimidine to the dihydropteridine did not occur.

0022-3263/78/1943-4143$01.00/0

Repetition of the same reaction sequence using a ketal pro
tective group also resulted in complete failure of its trans
formation to the pteridine. Since several analogous amino 
ketones were readily cyclized to the pteridines, and no failures 
were reported in literature in using such an approach to the 
general synthesis of pteridines, it became apparent that the 
crown ether reaction product between chloro ketone 5 and 
potassium phthalimide did not have the expected structure 
3a. Since this product was a ketone, which could easily be 
converted to an oxime and an ethylene ketal, the alternate 
structure 4a was proposed for this product. Indeed, if this 
product had structure 4a rather than 3a, then the failure to 
construct the pteridine ring using this material can easily be 
understood. These expectations were proved correct (vide 
infra). The transformations are summarized in Scheme I.

In order to prove that the crown ether reaction product has 
structure 4a, an unambiguous synthesis of this material was 
undertaken. Reaction of phthalic anhydride with d-alanine 
gave AMS-carboxypropyllphthalimide (13), which was con
verted to an acid chloride by reaction with thionyl chloride. 
Treatment of the acid chloride with ethereal diazomethane 
gave the diazo ketone 14, which was converted to the corre
sponding chloromethyl ketone 15 by standard procedures.11 
Reaction of p-(carbomethoxy)thiophenol4 with 15 was carried 
out in acetone using 1 molar equiv of anhydrous sodium car
bonate; subsequent workup of the reaction mixture gave a 
product that was identical with the crown ether reaction 
product in all respects (TLC, NMR, mp). Thus, the structure 
of the product obtained by reaction of chloromethyl ketone 
5 with potassium phthalimide was unequivocally established 
as 4a.

Mechanism of the Reaction
When equimolar amounts of chloromethyl ketone 5 and 

potassium phthalimide were allowed to react in the presence 
of crown ether using acetonitrile as a solvent, it was observed 
by monitoring the reaction by TLC that a product was being

© 1978 American Chemical Society
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Scheme I
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formed in the reaction mixture that was less polar than 4a. 
Under these conditions, this product predominates; only very 
little 4a is formed —10%). However, addition of 1 equiv more 
of potassium phthalimide at this stage resulted in the com
plete disappearance of this material with the concomitant 
formation of 4a. Therefore, it became clear that this reaction 
occurred in a stepwise fashion; 4a is formed by reaction of 
potassium phthalimide with the less polar intermediate. In 
order to prove this assumption, conditions were optimized so 
that the less polar intermediate (hereto referred to as 11) could 
be isolated and characterized. Compound 11 had a molecular 
weight of 404, as determined by mass spectrometry, and 
showed NMR resonances in TFA at 7.95 (d, 4 H), 7.4,7.33 (d 
d, 4 H), 4.06 (s, 6 H), 3.93 (s, 2 H), and 3.25 (c, 4 H) ppm. The 
formation and isolation of 11 requires the formation of p- 
(carbomethoxy)thiophenolate anion in the reaction mixture, 
which in turn should result from a reverse Michael addition 
to chloro ketone 5 by potassium phthalimide. If this as
sumption was correct, then we reasoned that weak nucleo
philes, such as sodium acetate, might be used to generate a 
phenolate anion from 5, which on reaction with chloro ketone 
5 should yield intermediate 11 in quantitative yield. This is 
because we had prior knowledge that intermediate 11 is stable 
to sodium acetate in boiling methanol. Thus, treatment of a 
solution of 5 in boiling methanol with excess sodium acetate 
gave intermediate 11 in quantitative yield, as required by the 
proposed mechanism. Next, the fate of 4-chloro-3-butenone, 
which is a compulsory co-product of the reaction between 5 
and sodium acetate, was investigated. Evaporation of the re
action mixture, after removal of 11 by filtration, extraction 
of the residue with ether, and evaporation of the ether layer, 
yielded an oil that gave an NMR spectrum that was identical 
with 4-chloro-3-butenone. This compound, a sample of which 
was available, was found to be stable to sodium acetate under 
conditions of the above reaction. These experimental results 
clearly demonstrated the mechanism by which 11 was gen
erated from 5 on treatment with potassium phthalimide.

Next, we examined the mechanism of the subsequent steps 
by which 11 was converted to 4a. Treatment of 11 with po
tassium phthalimide in acetonitrile, with or without the

presence of crown ether, resulted in the formation of two 
products, one of which was identical with 4a. The other 
product, which was less polar than 4a, was identified as 16 by 
isolation after workup and chromatography of the reaction 
mixture. This material was identical in all respects with an 
authentic sample4 of 16. On the other hand, by monitoring the 
reaction by TLC until all 11 had disappeared, evaporation and 
ether extraction of the reaction mixture resulted in the iso
lation of p-(carbomethoxy)thiophenol.4 The isolation of p- 
(carbomethoxy)thiophenol and dimer 16 from the reaction 
mixture gave evidence for the mechanism of formation of 4a 
from 11. It is postulated that attack of potassium phthalimide 
on 11 resulted in the formation of an enolate that collapsed 
to an intermediate 12; a retro Michael reaction and subsequent 
addition of phthalimide to 12 in a Michael addition resulted 
in the formation of 4a with the liberation of the resonance- 
stabilized thiophenolate anion. The enhanced stability of 4a 
toward potassium phthalimide, compared to 11, together with 
the formation of a thermodynamically more stable interme
diate (12) from 11 facilitates the formation of 4a. A direct 
nucleophilic attack of phthalimide anion on 11 with concur
rent displacement of the thiophenolate anion is unlikely be
cause one would anticipate the production of both 4a and 3a 
by this mechanism.

From the preceding discussion, it is apparent that the initial 
formation of the enolate from 5 leads to the formation of 11. 
Due to the ease of formation of 12, nucleophillic displacement 
reactions on 5 results in the formation of rearranged products. 
Therefore, any attempt involving direct displacement of 
chlorine of 5 by a nucleophile should be carried out under 
conditions which avoid enolate formation. On reaction of 5 
with H2NOH, chloro ketone 5 could be converted to the 
chloroacetonyl oxime 6 under carefully controlled conditions. 
Reaction of 6 with potassium phthalimide in acetonitrile or 
DMF resulted in the formation of an oxime 3b , which was not 
identical with 4b. Deprotection of the carbonyl group of 3b  
with aqueous TFA resulted in the formation of a ketone, which 
was an isomer of 4a  but was not identical with it. The com
pound showed relevant NMR signals at 7.98 (m, phthalimido, 
4 H), 7.84,7.35 (d, d, arom, 4 H), 4.53 (s, methylene, 2 H), 3.93
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(s, carbomethoxy, 3 H), and at 3.29 and 2.93 (t, t, ethylene, 4 
H) ppm and had a different Rf value and melting point. 
Structure 3a was assigned to this product after comparing its 
mass spectral fragmentation pattern with that of 4a. The 
relevant fragments and their respective m/e values are pre
sented in Table I. The presence of fragments representing m/e 
values of 188,195, and 223 in the mass spectrum of 3a and the 
total absence of these fragments in the spectrum of 4a es
tablishes the structure of 3a as written. The mass spectrum 
of 4a shows a fragment representing an m/e value of 174, 
which is completely absent in the spectrum of 3a. Since this 
value of 174 represents the IV-ethylphthalimide fragment, the

Table I

fragment
0

mass to charge ratio (m/e) 
4a 3a

404
174

181

absent

absent

160

404
absent

181

195

223

160

absent 188

structure of 4a is also correct as written. In addition, fragments 
having m/e values of 160 and 181 are generated from both 
compounds, the former being nine times more intense and the 
latter five times less intense for 3a compared to 4a. These 
observations are in complete agreement with the proposed 
structures for both 3a and 4a.

Experimental Section
Melting points are uncorrected and were determined on a Fisher- 

Johns apparatus. NMR spectra were run in CF3COOH or CDCI3 on 
a 90-MHz Perkin Elmer R-32 spectrometer with Me4Si as internal 
lock signal. Field strengths of the various proton resonances are ex
pressed in parts per million and coupling constants in hertz. Peak 
multiplicity is depicted as usual: s, singlet; d, doublet; t, triplet; q, 
quartet; br, broadened singlet or unresolved miltiplet; and c, complex 
signal, the center of which is given. UV spectra were determined on 
a Beckman Model 25 spectrophotometer. Mass spectra were run at 
Research Triangle Institute in North Carolina. Elemental analyses 
were performed by Galbraith Laboratories, Inc., Knoxville, Tenn. 
Yields represent the actual amount of pure compound isolated, as
suming 100% reaction.

l-Chloro-4-[p-(carbomethoxy)thiophenoxy]-2-butanone (5).
A solution of p-(carbomethoxy)thiophenol, 3.36 g (20 mmol) in 10 mL 
of benzene, was added to a solution of 2.5 g (22 mmol) of chloromethyl 
vinyl ketone in 10 mL of benzene under nitrogen. To this mixture 5 
drops of triethyiamine was added and stirred for 30 min at 25 °C. The 
solution was then evaporated to dryness in vacuum and the residue 
was recrystallized from acetone and hexane: mp 94-95 °C; vield 5.15 
g (94.5%); NMR (CDCI3) 8.0, 7.3 (d, d arom, 4 H), 4.08 (s, chloro
methyl, 2 H), 3.86 (s, carbomethoxy, 3 H), and at 3.21 and 3.0 (t, t, 
ethylene, 4 H) ppm. Anal. Calcd for C12H13CIO3S: C, 52.85; H, 4.80; 
Cl, 13; S, 11.75. Found: C, 53.0; H, 4.77; Cl, 12.83; S, 11.86.

l-Phthalimido-4-[p-(carbomethoxy)thiophenoxyJ-2-buta- 
none (3a). A solution of 2.725 g (10 mmol) of 5 was made in 30 mL of 
THF and added to a solution prepared by dissolving successively 810 
mg (15 mmol) of sodium methoxide and 1.4 g (20 mmol) of hydrox- 
ylamine hydrochloride in 200 mL of methanol. After stirring for 1. h, 
the solution was evaporated to dryness, and the residue thus obtained 
was suspended in 100 mL of water and extracted repeatedly three 
times with 100 mL each of chloroform. The combined chloroform layer 
was washed with water and dried with Na2S0 4. The chloroform layer 
was evaporated to dryness to obtain 6: NMR (CDCD 7.86, 7.34 (d, 
d, J = 9 Hz, aromatic, 4 H); 4.23 (s, chloromethyl, 2 H), 3.80 (s, car
bomethoxy, 3 H), 3.23 and 2.83 (t, t, ethylene, 4 H) ppm. Treatment 
of this compound with potassium phthalimide, as described for the 
preparation of 4a, gave 3b: 80% yield; mp of 145 °C; NMR (CDCI3) 
7.87 (c, phthaUmido, arom, 6 H), 7.37 (d, J = 9 Hz, arom, 2 H), 4.47O
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(s, methylene, 2 H), 3.95 (s, carbomethoxv, 3 H), and at 3.2 and 2.7 (t, 
t, J = 8 Hz, 4 H) ppm. Deprotection of this oxime was accomplished 
at 55 °C with the use of a 1:1 (v/v) mixture of TFA/H2O for 30 min. 
The desired compound 3a was isolated after dilution and extraction 
of the reaction mixture with chloroform and was freed of minor im
purities by column chromatography over silica gel CC4. The com
pound was eluted in chloroform and crystallized from methanol as 
silky needles, mp 136-138 °C. The rearranged compound 4a was 
found to be more polar than 3a on silica gel CC4 TLC plates using 
chloroform as the solvent. Anal. Calcd for C20H17NO5S: C, 62.64; H, 
4.47; N, 3.65; S, 8.36. Found: C, 62.48; H, 4.47; N, 3.58; S, 8.17.

l-Phthalimido-4-[p-(carbomethoxy)thiophenoxy]-3-buta- 
none (4a). A solution of 2.73 g (10 mmol) of chloromethyl ketone 5 
in 20 mL of acetonitrile was added dropwise to a suspension of 3.7 g 
(20 mmol) of potassium phthalimide in a solution of 2.64 g of 18- 
crown-6 ether in 80 mL of acetonitrile. This mixture was stirred at 
25 °C for 6 h and filtered, and the filtrate was evaporated to dryness. 
The residue thus obtained was triturated with water, and the slightly 
yellow product was collected by filtration and recrystallized from 
methanol: mp 126-127 °C; yield 2.0 g. Anal. Calcd for C2oHi7NOgS: 
C, 62.64; H, 4.47; N, 3.65; S, 8.36. Found C, 62.46; H, 4.30; N, 3.55; S, 
8.43.

l-Phthalimido-4-[p-(carbomethoxy)thiophenoxy]-3-buta- 
none Oxime (4b). Compound 4a, 3.83 g (10 mmol), was dissolved in 
70 mL of 1:1 mixture of pyridine and absolute alcohol (v/v). To this 
solution 695 mg (10 mmol) of hydroxylamine hydrochloride was added 
and the mixture was heated under reflux for 2 h and then evaporated 
to remove solvent. The resulting gum was triturated with water, and 
the solid thus formed was filtered and recrystallized form ethyl ace- 
tate/hexane: mp 152-153 °C; yield 3.56 g. This compound was not 
identical with 3b in all respects (TLC, NMR, mp). For example, the 
methylene resonance of 4b appeared as a singlet at 3.8, and the eth
ylene protons as two triplets as 4.0 and 2.9 ppm. Anal. Calcd for 
C20H18N2O5S: C, 60.29; H, 4.55; N, 7.03; S, 8.05. Found: C, 60.40; H, 
4.58; N, 6.92; S, 8.07.

l-Phthalimido-4-[p-(carbomethoxy)thiophenoxy]-3-buta- 
none Ethylene Ketal (4c). In a round-bottom flask 1.99 g (5 mmol) 
of 4a was suspended, and 10 mL of ethylene glycol was added to it, 
followed by the addition of 200 mg of p-toluenesulfonic acid mono
hydrate. The mixture was heated to ~150 °C, when most of the ketone 
dissolved. To this hot solution, benzene was very carefully added, and 
the flask was attached to a Dean-Stark apparatus and refluxed with 
continuous removal of water for 8 h. After this period, benzene was 
removed by flash evaporation, and 3.0 g of solid potassium bicar
bonate was added to the flask and diluted to 500 mL with a saturated 
solution of potassium bicarbonate in water. The precipitated solid 
was filtered and recrystallized from methanol: yield 1.5 g; mp 103 °C. 
Anal. Calcd'for C22BL1NO6S: C, 61.83; H, 4.92; 0, 22.48. Found: C, 
61.67; H, 4.80; 0,22.31.

Hydrazinolysis of 3b and lb: Preparation of 7a and 8a. The
experimental procedures were carried out in an analogous fashion as 
previously reported from our laboratory.4_6 As a typical example, 1 
equiv of either 3b or 4b was dissolved in the minimum required 
amount of absolute ethanol, and exactly 1 equiv of 95% hydrazine 
hydrate was added to it under an atmosphere of N2. The reaction was 
frequently monitored by TLC for the complete disappearance of the 
starting material. When complete, which usually takes about 72 h at 
25 °C, the solution was treated with 1 molar equiv of 1 N HC1, evap
orated to dryness, and extracted with water. The clear aqueous so
lution was basified to pH 8.0 by the addition of NH4OH, and the 
gummy material thus obtained was isolated by extraction with ethyl 
acetate. The ethyl acetate layer was washed, dried with Na2S0 4, fil
tered, and evaporated to a gum. The NMR spectrum did not exhibit 
resonances due to the phthalimide moiety, but was otherwise con
sistent with the required structures in both instances. An alcoholic 
solution of this amine was treated with a solution of 2-amino-6- 
chloro-4-hydroxy-5-nitropyrimidine in absolute alcohol and refluxed 
for 1.5 h in the presence of 1 molar equiv of (V-methylmorpholine. 
Both compounds 7a and 8a were precipitated during the reaction and 
were removed by filtration, washed, and dried to obtain analytical 
samples. The compounds were formed in ~60-70% yield based on the 
amine used for the reaction: mp 145-148 °C (7a) and 135-136 °C (8a). 
Only one of these two isomeric compounds (7a) could be converted 
to the pterdine structure 9 by subsequent synthetic procedures. De
tails of these reactions will be published elsewhere. Anal. Calcd for 
Ci6H18N606S: C, 45.5; H, 4.29; N, 19.89. Found for 8a: C, 45.62; H, 
4.18; N, 19.76. Found for 7a: C, 45.27; H, 4.32; N, 20.07.

AT-(4-Chloro-3-oxobutyl)phthalimide (15). Treatment of N- 
(2-carboxyethyl)phthalimide with thionyl chloride according to the 
procedure of Viscontini11 gave the corresponding acid chloride (mp

108 °C). A solution of 4.75 g (20 mmol) of this acid chloride in dry THF 
was treated with ethereal alcohol-free diazomethane prepared from 
10 g of diazald at 0-5 °C. After 30 min, gaseous HC1 was passed 
through the reaction mixture for 5 min. The solution was stirred for 
an additional 30 min and evaporated to dryness in vacuum. The res
idue thus obtained was crystallized from methanol: mp 109-110 °C; 
yield 4.2 g. The compound exhibited NMR resonances expected of 
the desired structure. Anal. Calcd for C12H10CINO3: C, 57.26; H, 3.98; 
Cl, 14.12; N, 5.57. Found: C, 57.31; H, 4.10; Cl, 14.16; N, 5.66.

Preparation of 4a from 15 and p-(Carbomethoxy)thiophenol. 
To a mixture of 503 mg (2 mmol) of 14, 336 mg (2 mmol) of p-(car- 
bomethoxy)thiophenol, and 212 mg (2 mmol) of anhydrous sodium 
carbonate, 10 mL of acetone was added and the mixture was stirred 
under nitrogen for 6 h. The white suspension thus obtained was 
evaporated to dryness, diluted with 50 mL of water, and extracted 
with ethyl acetate. The ethyl acetate layer was evaporated after 
washing and the residue was crystallized from methanol: mp 126-127 
°C (undepressed by mixing with 4a); yield 720 mg. This compound 
was identical in all respects with 4a prepared by the crown ether re
action.

Reaction of Chloromethyl Ketone 5 with Sodium Acetate: 
Preparation of 11. A solution of 5.45 g (20 mmol) of 5 in 300 mL of 
hot methanol was treated with 10.88 g (80 mmol) of sodium acetate 
trihydrate. The clear solution thus obtained was heated to boiling on 
a hot plate and the volume was reduced to ~150 mL when white 
crystals of 11 began to separate. At this point, the reaction mixture 
was allowed to cool to 25 °C, and after 1 h the crystals were collected 
by filtration, washed with water, and recrystallized from methanol: 
yield 3.92 g (theoretical yield 4.04 g); mp 167 °C. Anal. Calcd for 
C20H20O5S2: C, 59.41; H, 4.95; S, 15.84. Found: C, 58.98; H, 4.94; S,
15.53.

The original filtrate prior to washings was evaporated at 25 °C, in 
vacuum, and the residue was extracted repeatedly with ether. The 
combined ether layer was dried over anhydrous Na>S04 and evapo
rated. The NMR spectrum of the oily resudue thus obtained was 
identical with an authentic spectrum of 4-chloro-3-butenone.

Reaction of 11 with Potassium Phthalimide: Formation o f 4a 
and Isolation o f 16. To a mixture of equimolar amounts of 11 and 
potassium phthalimide (1 mmol each) 30 mL of acetonitrile was 
added, followed by the addition of 100 mg of 18-crown-6 ether. The 
mixture was allowed to stir at 25 °C, and the reaction was frequently 
monitored by TLC for the complete disappearance of 11. When all 
of 11 had reacted, which took 2.5 h, the reaction mixture was evapo
rated to dryness at 25 °C. Ice was added to the residue and triturated, 
and the solid thus obtained was separated by filtration. The filtrate 
was acidified to pH 4.0 by glacial acetic acid and the solution was 
extracted with ether. The ether layer was washed, dried with Na2S0 4, 
and on evaporation gave a solid residue that was identified as p- 
(carbomethoxy)thiophenol by comparison with an authentic sample. 
The solid residue was purified by chromatography over silica gel CC-7. 
Benzene eluted a crystalline material from the column that was 
identified as 16. Chloroform eluted 4a, which was identical in all re
spects with the material obtained by reaction of potassium phthali
mide with 5.
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Thiochalcone, 4'-methoxythiochalcone, 2-benzylidene-l-thiotetralone, 2-(p-methoxybenzylidene)-l-thiotetra- 
lone, and 2-(p-chIorobenzylidene)-l-thiotetralone dimers have been prepared by the reaction of corresponding 
«,/J-unsaturated ketones with P4S10. When these dimers were heated in the presence of acrylonitrile or acrylamice, 
monomeric unsaturated thiones generated by the decomposition of the dimers reacted with the acrylic compounds 
to give some cycloadducts of the Diels-Alder type, such as 3,4-dihydro-2/f-thiopyran or 5,6-dihydrobenzo[h]thio- 
chroman derivatives.

a,/l-Unsaturated thiones are little known because of their 
instability in the monomeric form1 and tendency to undergo 
[4 + 2] cycloaddition in which the thione itself may serve as 
a dienophile or a diene.

For example, Quiniou et al.2 reported that treatment of 
vinylogous thioamide with phenylmagnesium bromide gave
3-methoxythiobenzoyl-6-methoxyphenyl-2,4-diphenyl-3,4- 
dihydro-2/ f -thiopyran, via a thiochalcone intermediate.

S

Ar = p-CH30 -C #H4
The photoreaction of the thiolactone in the presence of 

N-phenylmaleimide afforded good chemical evidence for the 
intermediacy of the ortho-quinoid thioketone.3

Recently, Lipkowitz et al.4 reported that treatment of 
methyl vinyl ketone with P4S10 in pyridine gave four isomeric 
products. This work also provided some suggestions for the 
cycloaddition of a,/3-unsaturated thiones.

In this paper we wish to describe the satisfactory prepara-

tion of o,/3-unsaturated thione dimers and the thermolysis of 
these dimers in the presence of acrylonitrile or acrylamide.

P r e p a r a t io n  o f  a ,| 3 -U n satu rated  T h io n e  D im e r s

Tetraphosphorus decasulfide (P4S10) is well known as a 
reagent for the thionation of nonenolisable ketones. The re
actions are usually carried out by refluxing the ketone dis
solved in toluene or xylene with suspended P4S10.5 Under the 
same conditions, however, thionation of a,/S-unsaturated ke
tones was unsuccessful. We have investigated other proce
dures for the preparation of ordinary thiones (2), and found 
that treatment of ketones (1) with P4S10 takes place with ease 
in carbon disulfide solution in the presence of triethyl- 
amine.

P 4S10
E t 3N in  C S

la, R = R' = C6H5 
b, R = CH3; R' = C6Hs

2a, R = R' = C,H5 
b, R = CH3; R' = C6H5

Under these conditions, the reaction of chalcone or 4'- 
methoxychalcone with P4S .0 proceeded readily to give the 
corresponding thione dimer in moderate yield. The results are 
shown in Table I. The NMR spectrum of 4'-methoxythio- 
chalcone dimer 3b was identical with that reported by Quiniou 
et al.2 and thiochalcone dimer 3a gave a similar NMR spec
trum.

Ph S

Ar

3a, Ar = C6H5 
b, Ar = p-CH30 -C 6H4

Similarly, 2-arylidene-l-thiotetralone dimers (4) were ob
tained by the reaction of 2-arylidene-l-tetralone with P4S10. 
The structures of 4 are supported by analytical and spectral 
data. The elemental analyses of mass spectra were in agree
ment with the proposed structures 4 or 5. The NMR spectra 
showed sharp one-proton singlets at 5 3.6 and 5.6 ppm; these 
were assigned to the C-4 and the C-2 protons in the 3,4-di- 
hydro-2H-thiopyran ring, respectively, so the structure 5 can 
be excluded. However these spectral data do not enable the 
stereochemistry of 4 to be deduced.

It would be probable that the formation of these dimers (9) 
proceed via an o,/i-unsaturated thione intermediate (7), from 
which 9 is formed via path A or path B as illustrated in Scheme 
I, and the structure of 9 suggests that the cycloaddition re-

0022-3263/78/1943-4147$01.00/0 © 1978 American Chemical Society
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T a b le  I. P re p a ra t io n  o f  T h ion es

reaction conditions

product
registry

no.
temp

°C time
yield,

% °

thioacetophenone 16696-68-7 10-15 lh 27
thiobenzophenone 1450-31-3 reflux l h 76

3a 67254-57-3 20-25 1 day 38
3b 67314-93-6 20-25 1 day 50
4a 67254-58-4 20-25 1 week 45
4b 67254-59-5 20-25 1 week 50
4c 67254-60-8 20-25 1 week 62

a Based on the ketone.

4a, Ar = C6HS
b, Ar = p-CH30 -C 6H4
c, Ar = p-Cl-C6H4

5a, Ar = C6HS
b, Ar = p-CH30 -C 6H4
c, Ar = p-Cl-C6H4

action of 7 shows the opposite regioselectivity to that of 
a,/?-unsaturated ketones.4’6

The mass spectra of 3 and 4 showed evidence for the 
retro-Diels-Alder reaction: intense ions for «,/I-unsaturated 
thiones, and the characteristic peak recognized by the as
sumption that the a,|8 -unsaturated thione ion loses a hydrogen 
to give the stable thiopyrrylium ion.

T h e  T h e r m o ly s is  o f  a ,£ M J n sa tu ra ted  T h io n e  D im e r s  in  
th e  P r e s e n c e  o f  A c r y lo n it r i l e  o r  A c r y la m id e

mation of polymeric substances increased with raising reaction 
temperature. This suggested the dissociation of the dimers 
into unstable thione monomers upon heating so trapping of 
the monomers by the thermolysis of the dimer in the presence 
of acrylonitrile or acrylamide has been examined.

X = CN, CONH2

The thermolysis of 3a in the presence of acrylonitrile gave 
the cycloadduct 10a in 44% yield. The IR spectrum of the 
product showed a sharp band at 2250 cm-1, attributable to 
the nitrile group and the elemental analysis and mass spectra 
are in agreement with the proposed structure, 10a or 1 la . The

NMR spectrum showed signals at 8 3.0-3.5 (m, 3 H), 3.9 (t, 1 
H), 6.1 (d, 1 H), and 7.2-7.8  (m, 10 H). The doublet at 8 6.1 (J  
= 4.8 Hz) is assigned to the olefinic proton while the triplet 
at 8 3.9 is attributed to the benzylic proton by spin decoupling. 
Therefore the isomeric structure 11a can be excluded.7 In 
addition to providing the molecular weight, the mass spectra 
showed evidence for the retro-Diels-Alder reaction: an intense 
ion at 224 for thiochalcone was observed. T h e  N M R  spectru m  
of 2-cyano-6-methoxyphenyl-4-phenyl-3,4-dihydro-2H- 
thiopyran (1 0 b ) showed signals at 8 5.9 (d, 0.5 H, J  =  4.0 Hz) 
and 6.0 (d, 0.5 H, J  = 4.8 Hz). These signals suggest that the 
product is a mixture of the two epimers 1 0 b.

10b, Ar = p-CH30 -C 6H4

In the preparation of a,£l-unsaturated thione dimers, we 
observed that the yield of the dimer decreased and the for-

Scheme I

Similarly, the reaction of 4 and acrylonitrile gave the cy
cloadducts 12. The analytical and spectral data of 12a and 12c 
were in agreement with the proposed structure, but the po
sition of the nitrile group was not determined in 1 2b.

CN

3a reacted with acrylamide in dry benzene to give the ad
duct 13a in 40% yield. The IR spectrum showed bands at 3400 
(NH2), 3200 (NH2), and 1660 cm- 1  (C=0). The molecular ion 
(m /e  277) and thiochalcone fragment (m /e 224) were observed 
in the mass spectra. In the NMR spectrum, the doublet at 8
6.2 (J  = 7.0 Hz) is assigned to the olefinic proton while the

8 13 14
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Figure 1. Estimated ir frontier orbital energies for methyl vinyl thione 
and olefins (Z = CN, CHO). (Solid arrow indicates the dominant in
teraction).

Table II. R eaction  o f  a,/5-Unsaturated Thiones with
A cry lon itrile  and Acrylam ide

registry
reaction

time, yield,
product no. min %

10a
Acrylonitrile

67254-61-9 30 44
10b 60 74
12a 67254-62-0 120 53
12b 67254-47-1 15 53
12c 67254-63-1 60 59

13a
Acrylamide

67254-64-2 30 40
13b 67254-65-3 60 48
14a 67254-66-4 60 71
14b 67254-67-5 20 49
14c 67254-68-6 70 71

double doublet at 5 4.16 is attributed to the benzylic proton 
by spin decoupling. The reaction of 3 b -4 c  with acrylamide 
afforded the corresponding adducts (13b, 14a, 14b, and 14c). 
The results are presented in Table II.

E x p e r im e n ta l  S e c t io n

All melting and boiling points are uncorrected. Column chroma
tography was performed on a 100-200 mesh Florisil column by eluting 
with ligroin-benzene (1:1). 'H-NMR spectra were recorded at 60 MHz 
on a JEOL JNM-PMX 60 spectrometer using Me4Si as internal 
standard. IR spectra were obtained on an Hitachi Model 260-10 in
frared spectrometer. Mass spectral data were obtained with an Hitachi 
double focusing mass spectrometer RMU-7M. Commercial aceto
phenone and benzophenone were used without further purification. 
All a,/3-unsaturated ketones were prepared by the Aldol condensation 
of the corresponding ketone with aldehyde.8 Acrylonitrile and 
acrylamide were obtained commercially. Acrylonitrile was dried over 
molecular sieves 3A and was carefully fractionated at atomospheric 
pressure. Acrylamide was recrystallized from benzene.

Thioacetophenone. To a stirred suspension of acetophenone (9.6 
g) and P4S10 powder (7.1 g) in dry carbon disulfide (30 mL) was added 
dropwise triethylamine (6 mL) at 10-15 °C. The mixture was stirred 
at room temperature for 1 h and filtered and the filtrate was evapo
rated. The deep-purple residue was distilled to give thioacetophenone 
(3 g): bp 55 °C (0.3 mm) [lit.5 bp 78-82 °C (1 mm)].

Thiobenzophenone. A suspension of benzophenone (18.2 g), P4S10 
powder (6.7 g), and triethylamine (10 mL) was gently refluxed for 1

h under nitrogen atmosphere. After the reaction was over, the mixture 
was filtered and the filtrate was evaporated. The deep-blue residue 
was distilled to give thiobenzophenone (15 g): bp 127-131 °C 
(0.04-0.06 mm) [lit.5 bp 129-133 °C (0.06 mm)].
_ A Typical Procedure for the Preparation o f a,/J-Unsaturated 

Thione Dimers. A suspension of chalcone (0.01 mol), P4S10 powder 
(1 g), and triethylamine (1 mL) in dry carbon disulfide (20 mL) was 
allowed to stand at 20-25 °C under nitrogen atomosphere for 1 day. 
The reaction mixture was filtered and the filtrate was evaporated. The 
residue was chromatographed on Florisil gel (25 g) using ligroin- 
benzene (1:1) as the eluent. The solvent was evaporated and the res
idue was recrystallized from benzene-ethanol giving thiochalcone 
dimer (3a) as blue crystals: mp 134-135 °C; MS (70 eV) m/e 224 (12),
223 (100); NMR (CC14) b 3.96 (dd, 1 H, J  = 3.5 and 6.6 Hz), 4.95 (d, 
1 H, J  = 11.5 Hz), 5.18 (dd, 1 H, J = 3.5 and 11.5 Hz), 6.23 (d, 1 H, J 
= 6.6 Hz), and 6.9-7.8 (m, 20 H). Anal. Calcd for C30H24S2: C, 80.32; 
H, 5.39; S, 14.29. Found: C, 80.12; H, 5.51; S, 14.20.

4'-Methoxythiochalcone dimer 3b: mp 145-148 °C (lit.2 mp
151-152 °C); NMR (CDC13) b 3.76 (s, 3 H), 3.82 (s, 3 H), 4.06 (dd, 1 
H, J = 3.6 and 6.6 Hz), 5.06 (d, 1 H, J  = 11 Hz), 5.38 (dd, 1 H, J = 3.6 
and 11 Hz), 6.28 (d, 1 H, J = 6.6 Hz), and 6.8-7.8 (m, 18 H). Anal. 
Calcd for C32H23O2S2: C, 75.55; H, 5.54; S, 12.60. Found: C, 75.64; H, 
5.71; S, 12.66. The NMR spectrum is identical with that reported by 
Quiniou et al.2.

2-Benzylidene-l-thiotetralone dimer 4a: mp 171-172 °C; MS 
(70 eV) m/e 250 (39), 249 (100); NMR (CC14) 5 2.0-3.1 (m, 8 H), 3.6 
(s, 1 H), 5.6 (s, 1 H), and 6.9-7.5 (m, 18 H). Anal. Calcd for C34H2sS2: 
C, 81.56; H, 5.63; S, 12.81. Found: C, 81.91; H, 5.78; S, 12.94.

2-(p-M ethoxybenzylidene)-l-thiotetralone dimer 4b: mp
135-136 °C; MS (15 eV) m/e 560 (M+, 6), 280 (47), 279 (88); NMR 
(CDC13) S 2.0-3.1 (m, 8 H), 3.6 (s, 1 H), 3.7 (s, 3 H), 3.8 (s, 3 H), 5.6 (s, 
1 H), and 6.6-7.3 (m, 16 H). Anal. Calcd for C36H32O2S2: C, 77.11; H, 
5.75; S, 11.43. Found: C, 77.42; H, 5.87; S, 11.15.

2- (p-Chlorobenzylidene)-l-thiotetralone dimer 4c: mp 173-174 
°C: MS (15 eV) m/e 569 (M+, 1), 285 (54), 284 (94), 283 (100), 250 (20), 
249 (93); NMR 1CDCI3) b 1.78-2.38 (m, 2 H), 2.62-3.17 (m, 6 H), 3.65 
(s, 1 H), 5.60 (s, 1 H), and 6.85-8.27 (m, 16 H). Anal. Calcd for 
C34H26S2CI2: C, 71.69; H, 4.60; S, 11.26. Found: C, 71.49; H, 4.48; S, 
11.30.

A Typical Procedure for the Thermolysis of a,/3-Unsaturated 
Thione Dimers with Acrylonitrile. A suspension of thiochalcone 
dimer (0.448 g, 1 mmol) in acrylonitrile (8 mL) was gently refluxed 
for 0.5 h under nitrogen atomosphere. The excess acrylonitrile was 
removed and recrystallization of the residue from 30 mL of ligroin 
gave 3-cyano-4,6-diphenyl-3,4-dihydro-2H-t.hiopyran (10a) (0.245 
g) as colorless needles: mp 131-132 °C; MS (70 eV) m/e 277 (M+, 11),
224 (58), 223 (100); IR (KBr) 2250 cm“ 1 (CN); NMR (CDC13) b 3.0-3.5 
(m, 3 H), 3.9 (t, 1 H. J = 5.0 and 4.8 Hz), 6.1 (d, 1 H, J = 4.8 Hz), and
7.2-7.8 (m, 10 H). Anal. Calcd for Ci8H15NS: C, 77.97; H, 5.45; S, 11.55. 
Found: C, 77.65; H, 5.31; S, 11.46.

3- Cyano-6-(p-m ethoxyphenyl)-4-phenyl-3,4-dihydro-2I/- 
thiopyran (10b): mp 95-98 °C (recrvstallized from ligroin); MS (70 
eV) m/e 307 (M+, 19), 254 (61), 253 (loo); IR (KBr) 2250 cm“ 1 (CN); 
NMR (CDCI3) t 3.0 -3.5 (m, 3 H), 3.8 (s, 3 H), 3.8-4.0 (m, 1 H), 5.9 (d,
0.5 H. J = 4.0 Hz), 6.0 (d, 0.5 H, J = 4.8 Hz), and 6.8-7.5 (m, 9 H). 
Anal..Calcd for Ci9H17NOS: C, 74.27; H, 5.54; S, 10.43. Found: C, 
74.51; H, 5.66; S, 10.22.

3-Cyano-4-phenyl-5,6-dihydrobenzo[h]thiochrom an (12a):
mp 223-225 °C (recrystallized from benzene-ligroin); MS (70 eV) m/e 
303 (M+, 28), 250 (39), 249 (100); IR (KBr) 2250 cm' 1 (CN); NMR 
(C D C I3) b 2.0-3.6 (m, 7 H), 3.8 (d, 1 H, J = 3.5 Hz), and 7.0-7.6 (m, 
9 H). Anal. Calcd for C20Hi7NS: C, 79.17; H, 5.65; S, 10.57. Found: C, 
79.12; H, 5.77; S, 10.70.

2(or 3)-Cyano-4-(p-methoxyphenyl)-5,6-dihydrobenzo[Ii]- 
thiochroman (12b): mp 126-128 °C (recrystallized from ligroin); MS 
(70 eV) m/e 333 (M+, 54), 280 (69), 279 (100); IR (KBr) 2250 cm“ 1 
(CN); NMR (CDC13) b 2.0-2.3 (m, 2 H), 2.56-3.3 (m, 5 H), 3.6-3.86 
(4 H), and 6.8-7.56 (m, 8 H). Anal. Calcd for C21H19NOS: C, 75.64; H, 
5.74; S, 9.61. Found: C, 75.75; H, 5.65; S, 9.74.

3-Cyano-4-(p-chlorophenyl)-5,6-dihydrobenzo[A]thiochro- 
man (12c): mp 130-132 °C (recrystallized from ligroin); MS (70 eV) 
m/e 337 (M+, 50), 284 (50), 283 (86), 249 (100); IR (KBr) 2250 cm“ 1 
(CN); NMR (CDC13) b 2.0-3.5 (m, 7 H), 3.7 (d, 1 H, J  = 4.0 Hz), and
7.0-7.6 (m, 8 H). Anal. Calcd for C20H16CINS: C, 71.11; H, 4.74; S, 9.49. 
Found: C, 71.23; H, 4.80; S, 9.40.

A Typical Procedure for the Thermolysis of a,/3-Unsaturated 
Thione Dimers with Acrylamide. A solution of thiochalcone dimer 
(0.448 g, 1 mmol) and acrylamide (0.142 g, 2 mmol) in dry benzene (8 
mL) was gently refluxed for 0.5 h under nitrogen atomosphere. The 
benzene was removed and recrystallization of the residue from ethanol
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gave 3-carbamoyl-4,6-diphenyl-3,4-dihydro-2H-thiopyran (13a) 
(0.236 g) as colorless crystals: mp 223-224 °C; MS (70 eV) m/e 295 
(M+, 22), 224 (59), 223 (100); IR (KBr) 1660 cm- 1 (C = 0 ); NMR 
(Me2SO) <5 4.16 (dd, 1 H, J  = 7 and 4 Hz), 6.2 (d, 1 H, J = 7 Hz), 6.9 
(br band, 2 H), and 7.0-7.6 (m, 10 H). Anal. Caled for Ci8H17NOS: C, 
73.19; H, 5.80; S, 10.85. Found: C, 73.21; H, 5.86; S, 10.88.

3-Carbamoyl-6-(p-methoxyphenyl)-4-phenyl-3,4-dihydro- 
(14a): mp 174-176 °C (recrystallized from benzene); MS (70 eV) m/e 
321 (M+, 52), 250 (44), 249 (100); IR (KBr) 1660 cm" 1 (C = 0 ); NMR 
(CDC13) S 1.7-2.26 (m, 2 H), 2.56-3.2 (m, 5 H), 3.9 (d, 1 H, J = 6 Hz),
5.6 (br band, 2 H), and 6.9-7.6 (m, 9 H). Anal. Caled for C20H19NOS: 
C, 74.73; H, 5.96; S, 9.97. Found: C, 74.98; H, 6.04; S, 9.95.

3-Car bamoyl-4-(p-methoxyphenyl)-5,6-dihydrobenzo[h]- 
thiochroman (14b): mp 175-176 °C (recrystallized from benzene); 
MS (70 eV) m/e 351 (M+, 79), 280 (42), 279 (64); IR (KBr) 1660 cm“ 1 
(C = 0 ); NMR (CDCI3) 5 1.9-3.1 (m, 7 H), 3.7 (s, 3 H), 3.9 (d, 1 H, J  
= 6 Hz), 5.5 (br band, 2 H), and 6.7-7.5 (m, 8 H). Anal. Caled for 
C2lH21N 02S: C, 71.79; H, 5.98; S, 9.12. Found: C, 71.74; H, 5.96; S, 
9.00.

3-CarbamoyI-4-(p-chlorophenyl)-5,6-dihydrobenzo[A]thio- 
chroman (14c): mp 138-140 °C (recrystallized from benzene); MS 
(70 eV) m/e 355 (M+, 28), 284 (17), 283 (29), 249 (36); IR (KBr) 1660 
cm' 1 (0 = 0 ) ; NMR (CDCI3) h 1.9-3.1 (m, 7 H), 3.9 (d, 1 H, J  = 3 Hz),
5.8 (br band, 2 H), and 7.0-7.5 (m, 8 H). Anal. Caled for C2o 
H18ClNOS: C, 67.51; H, 5.06; S, 9.01. Found: C, 67.52; H, 5.11; S,
8.97.

Registry No.— 10b isomer 1,67254-69-7; 10b isomer 2,67254-70-0; 
acrylonitrile, 107-13-1; acrylamide, 79-06-1; acetophenone 98-86-2;

tetraphosphorus decasulfide, 12066-62-5; chalcone, 94-41-7; 4'-
methoxychalcone, 959-33-1; 2-benzylidene-l-tetralone, 6261-32-1;
2-(p-methoxybenzylidene)-l-tetralone, 49629-37-0; 2-(p-chloro-
benzylidene)-l-tetralone, 49545-70-2.
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N,N'-Dialkylureas (1) are N-mono or N,N'-diacylated on treatment with various acyl chlorides: benzoyl chlo- 
ride/base leads to N-benzoyl- and/or N,N'~dibenzoylureas (2 and 3). Similarly, cyclic /V-mono- and (V.Ai'-bisarene- 
sulfonvl) ureas (4 and 5) are formed on reacting arenesulfonyl chlorides with imidazolidin-2-one and perhydropyri- 
midin-2-one. N-Benzoyl-lV'-oxamoylureas (12) are obtained on successive treatment of 2 with oxalyl chloride and 
arylamine. Several N-benzoyl-N'-oxamoylureas undergo facile skeletal rearrangement on heating in methanol, 
yielding l-aryl-3-(u)-benzamidoalkyl)imidazolidine-2,4,5-triones (13).

N,N'-Disubstituted ureas react with acylating agents on 
either the nitrogen or the carbonyl oxygen with formation of 
N- or O-acylated products. Evidence has been presented that 
many N-acylations of amides involve an initial attack on the 
more nucleophilic carbonyl oxygen; the thereby formed O- 
acylated intermediates rapidly rearrange to the thermody
namically more stable iV-acylated products.1 Detailed reports 
describing the synthetically important reactions of substituted 
ureas with phosgene and thionyl and phosphoryl chloride have 
been published.2 Recently, we reported the ZV-benzoylation 
of cyclic N,N' -dialkylureas which lead to products of potential 
interest as masked isocyanates.3 In conjunction with this work 
we investigated the feasibility of acylating and sulfonylating 
certain linear and cyclic N,N '-dialkylureas on both nitrogen 
atoms4 and studied subsequent reactions of some of the ob
tained products. Treatment of /V./V'-dimethylurea (la) with 
molar amounts of benzoyl chloride in methylene chloride so
lution, using triethyl amine as an HC1 scavenger, produces 
/V,/V'-dimethyl-/V-benzoylurea ( 2 a) in 81% yield and small 
amounts of /V,/V'-dimethyl-/V,iV'-dibenzoylurea (3a) (excess 
benzoyl chloride produces 3a exclusively). Cyclic five- and 
six-membered ring ureas, such as imidazolidin-2-one (lb) and 
hexahydropyrimidin-2-one ( l c ) ,  give mixtures of iV-mono and

c 6h sc o c i
RNH NHR --------------- - C H ,. .NR NHRY TEA Y Y

O 0  0
la-e 2a-e

+  C H  NR NR C H  (1)Y T T
0  0  0

3a-c
R = CH3; R -R  = -(C H 2) „ - ;  n = 2 -5

/V,/V'-dibenzoylated products 2 b ,c  and 3 b ,c  under identical 
conditions while seven- and eight-membered ring ureas, i.e., 
perhydro-l,3-diazepin-2-one ( I d )  and perhydro-l,3-diazo- 
cin-2-one (le), again produce /V-monobenzoylated products 
exclusively.3 Yields and melting points of all new compounds 
are presented in Table I.

The reaction of N,N' -dialkylureas with arenesulfonyl 
chlorides proceeds by O attack and subsequent elimination 
of sulfonic acid to give carbodiimides.5’6 Treatment of the 
acyclic urea la with benzenesulfonyl chloride and triethyl- 
amine in chloroform solution does indeed give N,N'-di-
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Table I. IV-Acylated and -Sulfonylated Ureas and Their Rearrangement Products a

compd
no.

registry
no. R R' n mp, °C yield, %

2a 67488-19-1 c h 3 97-98 88
2b 27034-77-1 -(CH2)2- 171-172 53 b
2c 54236-66-7 -(CH2)3- 144-145 30c
3a 67488-20-4 c h 3 162-163 66
3b 5391-42-4 -(CH2)2- 240 27
3c 54236-74-7 -<CH2)3- 230e 50
4a 57451-91-9 c6h 5 2 153-154 18d
4b 67488-21-5 p -c h 3csh 4 2 165-167 15
4c 67488-22-6 csh 5 3 208 18 f
5a 67488-23-7 c 6h 5 2 193-194 60
5b 67488-24-8 p -c h 3c 6h 4 2 218 36
l ib 67488-25-9 2 210 82
12a 67488-26-0 c6h 6 H 2 205-207 84
12b 67488-27-1 c6h 5 h 3 257 86
12c 67488-28-2 c6h 5 h 4 166-168 quant
12d 67488-29-3 c6h 5 h 5 160-161 81
12e 67488-30-6 c6h 5 c h 3 2 182 95
12f 67488-31-7 c6h 5 c h 3 5 108-110 50
13a 67488-32-8 2 174-176 74«
13b 67488-33-9 3 123 86
13c 67488-34-0 4 128 91
13d 67488-35-1 5 132-133 93^

° Satisfactory analytical values (±0.3% for C,H,N) were reported for all compounds. b 27% of 3b is obtained as byproduct. c 50% 
of 3c is obtained as byproduct. d 20% of 5a is obtained as byproduct. e Soft at 218 °C. f A 37% yield is obtained with 2 equiv of ben- 
zenesulfonyl chloride. 8 From N-phenyl-JVM/l-benzamidoethyBurea and oxalyl chloride. h A 45% yield is obtained from N-phenyl- 
A''-(5-benzamidopentyl)urea and oxalyl chloride.

methylcarbodiimide as evidenced by infrared spectroscopy.
Since it is unlikely that carbodiimides are produced from the 
cyclic ureas l b - e  on treatment with arenesulfonyl chloride 
it was of interest to investigate if rearrangement to A'-sul- 
fonylated products would occur.7

Treatment of lb  and l c  with benzene or p-toluenesulfonyl 
chloride in hot dimethoxyethane solution in the presence of 
triethylamine indeed gives mixtures of N -mono and/or 
Ar,N'-disulfonylated products 4a,b and 5a,b depending upon 
reaction conditions. Heating of molar amounts of lb  and 
benzenesulfonyl chloride produces a mixture of 4a (20%) and 
5a (18%) while reaction of lb  with p-toluenesulfonyl chloride 
under similar conditions affords only the monosulfonylated 
urea 4b. Heating of lb  with 2 equiv of benzene or p-toluene
sulfonyl chloride leads to formation of only the disulfonylated 
products 5a and 5b. The propyleneurea l c  gives solely the 
monosulfonylurea 4c on heating with benzenesulfonyl chloride 
in the presence of base regardless of reaction conditions. No

Scheme I
2a-e

12a -f

(
HN

(CH2k

v rYNH
R S O .C l

T E A
RSO>— N NHY

lb ,c 4a-c
^(CH,)x

+  RSOo— N N— SO,R (2)Y
0

5a,b
R = C6H5, 4-CH,C„H„

sulfonylated products could be obtained with the larger ring 
ureas Id and le under a variety of conditions. The yields of 
all sulfonylated ureas (4 and 5) are low when compared with 
the N-benzoylated products (see Table I). This could in part

7



4152 J. Org. Chem., Vol. 43, No. 21,1978 Richter, Tucker, and Ulrich

be due to a failure of O-sulfonylated intermediates to rear
range to IV-sulfonylated products.8 Compounds 4 a -c  and 5a,b  
are, to our knowledge, the only ureas of this kind obtained by 
sulfonylation with sulfonyl chlorides, a reaction which pre
viously has not been observed.11

It was anticipated that the cyclic benzoylated ureas of type 
2 would react with phosgene or oxalyl chloride via O-acylated 
intermediates to form IV-benzoylated chloroformamidines 6 
(Scheme I) which, on treatment with amine, would afford al- 
icyclic guanidines 7 bearing a benzoyl group on one of the ring 
nitrogens. An attempt to prepare these compounds by ben
zoylation of the parent guanidines failed: octahydro-1,3- 
diaza-2-(lV-phenylimino)cyclooctane (8 ) (prepared from 2 e, 
phosphoryl chloride, and aniline by analogy to a known pro
cedure12) does not yield the 2-(Ar-phenylbenzamido) deriva
tive 9. Instead, the N.AT-dibenzoylated guanidine 10 is 
formed, regardless of the molar ratio of benzoyl chloride used 
(eq 3). H-NMR analysis of 10 excluded the presence of the 
equally possible dibenzoylated guanidine with both aroyl 
groups on the ring nitrogens.

f(CH2)5̂  

HN NHY
nc6h5
8

C .H .C O C l
Y T I p a  

N NHY
N C.H,

c ä  y  
0  

9

c 6h 5c o c i
^(CH2>5̂

Y'c a

C Y  X  Y
0
C.U

0
10

(3)

In pursuing the approach outlined above, we found that 
phosgene does not react with 2 e at room or slightly elevated 
temperature. Oxalyl chloride, however, reacts readily with 2e 
as well as all the other cyclic benzoylated ureas affording 
N-benzoyl-N'-chlorooxoacetylureas l l b - l l e  in virtually 
quantitative yield. The reactions, which are followed by IR, 
are generally completed within a few hours. Only in the case 
of l i b  was the chloride isolated in pure form; the compound 
proved to be surprisingly stable at ordinary conditions and 
could be recrystallized from acetone/hexane without notice
able decomposition. In all other cases, however, the crude 
reaction solutions of 1  l b - e  when treated with aromatic amines 
afford the corresponding N-benzoyl-lV'-IiV-aryloxamoyl)- 
ureas 1 2 b - e  in high yields. The highly crystalline oxamides 
show a characteristic carbonyl band in the IR spectra (in 
C H C I3 ) at 1680 cm" 1 and a weaker band for the urea carbonyl 
group between 1715 and 1770 cm-1, depending upon ring size. 
All H-NMR spectra are in agreement with the proposed 
structural formulas. A similar reaction between the acyclic 
urea 2a and oxalyl chloride requires about 40 h for completion 
and produces a mixture of 1,3-dimethylimidazolidinetrione 
(A^N'-dimethylparabanic acid) and benzoyl chloride in high 
yield. Both compounds are probably formed via internal 
quaternization of the initially formed chloride 1 1 a  (see 
Scheme I).

Several of the diacylureas of type 12 prepared from aniline 
and 11 proved to be rather labile compounds and were readily 
rearranged to l-aryl-3-(o>-benzamidoalkyl)imidazolidine-
2,4,5-triones 13 (parabanic acid derivatives) on brief heating 
in methanol. The rearrangement of this type was so facile in

Scheme II
12b-d

A M eOH

CY NH— (CH,) —Y
0

1 3 b -d

(C O C l)2

C A  NH— (CH2>„— NHY
O

YNHCA

c 6h 5n c o

C 6H sCOC1

HN— (CH,)— NH2 
n = 2, 5

the case of 1 2 d that methanol workup of crude products from 
the reaction of l i d  with aniline (Scheme I) lead to complete 
conversion to 13d. The imidazolidintriones 13 show in the IR 
spectra (in CHCI3) carbonyl bands characteristically different 
from the isomeric ureas 1 2 : a very sharp and intense band is 
found around 1740 cm-1 for all compounds; the H-NMR 
spectra are also in agreement with the proposed structure. 
Additional proof for the proposed structural formulas was 
obtained through independent synthesis of 13d from 1,5- 
diaminopentane in several steps (see Scheme II). Since 13b 
is formed readily on opening the relatively stable pyrimidine 
ring in 1 2 b , it was surprising to find that the ethyleneurea 
derivative 1 2 a  could not be rearranged to the corresponding 
parabanate 13a even on heating in methanol for 18 h (which 
led only to partial degradation of the molecule). To assure that 
1 2 a  had indeed the proposed structure, the isomeric 13a was 
synthesized via the sequence outlined for 13d in Scheme II.

The fact that the rearrangements proceed in a protic solvent 
like methanol seems to suggest an addition-elimination step 
involving ROH. It is remarkable that these reactions are rel
atively clean and produce high yields of 13 especially since 
bond cleavage prior to ring closure could occur at several 
places and not exclusively between the urea 1,2-(N-C) linkage. 
In an attempt to catalyze the rearrangememt of 12b by adding 
small amounts of aniline to the methanolic reaction medium 
N,N '-diphenyl oxanilide was formed as byproduct resulting 
from cleavage of the exocyclic N-C bond at position 3 of the 
urea.

Since only oxamoyl derivatives with NH protons are ca
pable of recyclization to parabanates, it was not expected that 
the fully substituted 1 2 e  and 1 2 f  would undergo a similar re
arrangement in methanol. However, it was hoped that opening 
of the urea ring would occur, giving some insight into the re
action mechanism which operates in the above described ring 
rearrangements. It was, therefore, surprising to find that 1 2 f  
does not undergo ring opening in refluxing methanol.

E x p e r im e n ta l  S e c t i o n 1 3

A. Benzoylation of Ureas. JV.lV'-Dimethyl-iV-benzoylurea (2a)
was prepared by adding a solution of 5.0 g (0.05 mol) of triethylamine 
in 30 mL of dichloromethane dropwise over a period of 50 min to 4.40
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g (0.05 mol) of A/TV'-dimethylurea (la) and 7.0 g (0.05 mol) of benzoyl 
chloride, dissolved in 30 mL of dichloromethane. Toward the end of 
the addition triethylamine hydrochloride precipitated. After 2.5 h 
of reaction time, the solvent was removed in vacuo and the solid res
idue was suspended in water. Solid 2a (8.48 g) was collected and dried. 
Recrystallation from methanol containing small amounts of water 
gave colorless crystals; yield and mp are given in Table I.

Occassionally, samples of 2a were contaminated by trace amounts 
of 3a, which were difficult to remove by recrystallization, but both 
compounds could be separated by column chromatography on silica 
gel (Biorad Bio-Sil A) with toluene-acetone (9:1) as eluent.

IVjlV'-Dimethyl-lVjlV'-dibenzoylurea (3a) was obtained in a 
procedure similar to the one given above: 0.02 mol of N,N'-dimeth- 
ylurea (la) was reacted with 0.04 mol of benzoyl chloride and trieth
ylamine each and gave on trituration with water 3.90 g (66%) of 3a, 
which was recrystallized from methanol (large prisms); for yield and 
mp see Table I.

l-Benzoylimidazolidin-2-one (2b) and 1,3-Dibenzoylimida- 
zolidin-2-one (3b). To a suspension of 10.0 g (0.116 mol) of imida- 
zolidin-2-one (lb) in 70 mL of chloroform, containing 10.0 g (0.1 mol) 
of triethylamine, was added dropwise 14.0 g (0.1 mol) of benzoyl 
chloride in 40 mL of chloroform over a period of 100 min. A clear so
lution was obtained from which triethylamine hydrochloride sepa
rated on standing for several hours. Removal of solids left a filtrate 
which was evaporated to dryness in vacuo. The obtained solid residue 
was treated with ca. 100 mL of water, stirred for 30 min, and filtered 
and gave 14.30 g of a mixture of 2b and 3b as evidenced by IR. Rep
eated treatment of the crude product with methanol (3 X 75 mL) left
4.0 g of 3b, which was recrystallized from acetone/hexane (colorless 
needles). The monobenzoyl derivative was obtained on evaporating 
the methanolic filtrates, which left 10.1 g of crude 2b, which was 
recrystallized from acetone/hexane (colorless plates); yields and mp 
are given in Table I.

1-Benzoylhexahydropyrimidin-l-one (2c) and 1,3-Diben- 
zoylhexahydropyrimidin-2-one (3c). A solution of benzoyl chloride 
(70 g, 0.05 mol) in 40 mL of acetonitrile was added dropwise over a 
period of 30 min to a stirred suspension of 5.0 g (0.05 mol) of hex- 
ahydropyrimidin-2-one (lc ) in 75 mL of acetonitrile at 80 °C. On 
additional stirring for 60 min a clear solution was obtained to which
5.0 g (0.05 mol) of triethylamine in 20 mL of acetonitrile was added 
dropwise, causing the separation of a colorless precipitate which 
dissolved on heating the mixture for another 2 h at 90 °C. Triethyl
amine hydrochloride precipitated on cooling in an ice bath.

Filtration and concentrating the filtrate in vacuo left a semisolid 
mass which was diluted with water and filtered. The residue, 3.95 g, 
contained exclusively the dibenzoylated urea 3c which was recrys
tallized for analysis from DMF/MeOH/H20  (colorless needles). The 
acetonitrile/water filtrate was further diluted with water leading to 
separation of 3.10 g of 2c. Recrystallization from acetone/hexane gave 
colorless prisms of 2c; yield and mp’s are given in Table I.

The monobenzoylated ureas 2d and 2c were prepared as described 
earlier.3

B. Sulfonylation of Ureas. 1-Benzenesulfonylimidazolidin- 
2-one (4a) and l,3-Bis(benzenesulfonyl)imidazolidin-2-one (5a).
A suspension of 4.3 g (0.05 mol) of lb in 40 mL of 1,2-dimethoxyethane 
(DME) containing also 5.0 g (0.05 mol) of triethylamine and 8.8 g (0.05 
mol) of benzenesulfonyl chloride was kept for 4.5 h in an oil bath at 
65-70 °C during which time the urea slowly dissolved. Cooling the 
reaction solution to room temperature led to precipitation of trieth
ylamine hydrochloride which was removed by filtration. A crystalline 
mixture of 4a and 5a (5.36 g) was obtained on evaporating the filtrate 
in vacuo to dryness and treating the oily residue with a small amount 
of water. Fractional crystallization of the crude mixture from acetone 
and gradual addition of water led to separation of 5a (1.81 g, colorless 
needles) as first fraction followed by 4a (2.01 g, colorless plates from 
methanol/water) as second fraction. Purity of both fractions was 
checked by IR and TLC; yields and mp’s are given in Table I.

l,3-Bis(benzenesulfonyl)imidazolidin-2-one (5a) was formed 
exclusively on reacting lb  with 2 equiv of benzenesulfonyl chloride 
and triethylamine under conditions as given in the procedure above 
(7 h reaction duration). Workup of the triethylamine hydrochloride 
free DME filtrate yielded 60% of 5a in the form of colorless needles 
(acetone), identical by IR comparison with material obtained ac
cording to the procedure above.

l-(p-Toluenesulfonyl)imidazolidin-2-one (4b). A suspension 
of lb  (4.3 g, 0.05 mol) in 40 mL of DME containing equimolar quan
tities of triethylamine and p-toluenesulfonyl chloride was kept at
90-95 °C for 7 h. Triethylamine hydrochloride precipitated during 
the reaction while lb slowly dissolved. After cooling the mixture to 
room temperature, the salt was filtered off and the yellow filtrate was

concentrated in vacuo to yield an oil which was treated with water/ 
methanol. Colorless crystals precipitated while unreacted p-tolu- 
enesulfonyl chloride was kept in solution. Filtration gave 1.86 g of 4b 
which was recrystallized for analysis from chloroform/hexane yielding 
colorless prisms; yield and mp are given in Table I.

l,3-Bis(p-toluenesulfonyl)imidazolidin-2-one (5b) was pre
pared following a procedure similar to the one given above for 4b using 
2 equiv of p-toluenesulfonyl chloride and triethylamine per equiv of 
urea. The reaction filtrate, obtained after salt removal, concentrated 
in vacuo gave a semisolid mass which was taken up in a small amount 
of methanol. The product 5b, which remained undissolved, was iso
lated by filtration and purified for analysis by recrystallization from 
acetone/water (colorless needles); for mp and yield see Table I.

l-Benzenesulfonylhexahydropyrimidin-2-one (4c) was ob
tained on heating a DME solution of 5.0 g (0.05 mol) of lc  with 0.1 mol 
each of benzenesulfonyl chloride and triethylamine for 7 h at 90 °C. 
The product 4c was isolated from the reaction mixture following 
procedures given for the preparation of 4a and 4b; the crude product 
was recrystallized from acetone/water (colorless prisms). Using an 
excess of sulfonyl chloride/base in this reaction produced a higher 
yield (37%) while equivalent amounts of all reagents gave only an 18% 
yield of 4c.

Octahydro-l,3-diaza-2-(JV-phenylim ino)cyclooctane (8).
Dropwise addition of a benzene solution (10 mL) of 1.35 g (0.01 mol) 
of phosphoryl chloride to 1.28 g (0.0 mol) of urea Id in 10 mL of ben
zene was leading to separation of a colorless oil which solidified after 
several hours. After 8 h of standing at room temperature aniline (1.86 
g, 0.02 mol), dissolved in 10 mL of benzene, was added dropwise to 
the stirred suspension thereby transforming the phosphoryl chloride 
adduct into an amber oil. The mixture was refluxed for 5-6 h after 
which the benzene was decanted from the honeylike residue. Treat
ment of the residue with aqueous sodium hydroxide led to separation 
of solid 8 mixed with aniline; filtration after cooling in ice left 2.0 g 
(quantitative) of 8 which was recrystallized from methanol/water 
giving colorless crystals: mp 127-129 °C; IR (CHCI3) 1620 cm-1 
(C=N). Anal. Calcd for C12H i7N3: C, 70.90; H, 8.43; N, 20.67. Found: 
C, 70.54; H, 8.77; N, 20.57.

Hexahydro-l,3-diaza-l-benzoyl-2-(JV-phenylbenzamido)cy- 
clooctene-2 (10). A solution of guanidine 8 (0.41 g, 0.002 mol) in 10 
mL of chloroform was treated with 0.56 g (0.004 mol) of benzoyl 
chloride dissolved in 10 mL of chloroform followed by addition of 
excess triethylamine (1.0 g, 0.01 mol) to neutralize the formed hy
drogen chloride. After brief heating to 50-60 °C the reaction mixture 
was kept at room temperature for 1 h. Solvent evaporation in vacuo 

■ left a semisolid residue which crystallized on scratching and treatment 
with water. Filtration afforded 0.32 g (100%) of 10: mp 172 °C 
(methanol); IR (CHCI3) 1630 cm-1 (C =N ) with shoulders at 1650 
cm" 1 (C = 0 ). Anal. Calcd for C26H25N30 2: C, 75.89; H, 6.12; N, 10.21. 
Found: C, 75.78; H, 6.25; N, 10.77.

C. IV-Benzoyl-lV'-oxamidoureas and Precursors. Reaction of 
JV.lV'-Dimethyl-lV-benzoylurea (2a) with Oxalyl Chloride. A 
solution of 3.82 g (0.02 mol) of 2a and 2.52 g (0.02 mol) of oxalyl 
chloride in 30 mL of dichloromethane was kept at room temperature 
for 68 h. The progress of the reaction was observed by IR. Removal 
of the solvent in vacuo left a semisolid which, after trituration with 
hexane, was collected by filtration. Thus, 2.12 g (75%) of 1,3-di- 
methylimidazolidine-2,4,5-trione was obtained. Evaporation of the 
filtrate gave 2.00 g (71% yield) of benzoyl chloride. Both products 
were identical in IR comparison and melting point with authentic 
samples.

l-Benzoyl-3-chlorooxoacetylimidazolidin-2-one ( lib ) .  Col
orless crystals separated from a solution of 1.9 g (0.01 mol) of ben- 
zoylurea lb  and 1.26 g (0.01 mol) of oxalyl chloride in 20 mL of chlo
roform on standing for 18 h. Filtration and washing with chloroform 
left 2.30 g of l ib  which was recrystallized for analysis from acetone/ 
hexane (colorless needles); yield and mp are given in Table I.

l-Benzoyl-3-oxamoylimidazolidon-2-ones 12a and 12e were 
prepared by reacting the oxamoyl chloride l ib  with 3 equiv of aniline 
or IV-methylaniline in chloroform at room temperature. The clear 
reaction solutions were concentrated after standing for 1 h and the 
solid residues were treated with water or water-methanol and 12a and 
12e were collected by filtration. The crude products were recrystal
lized from acetone/water or acetone/hexane; yields and mp’s are given 
in Table I.

l-Benzoyl-3-(7V-phenyloxamoyl)hexahydropyrimidin-2-one 
(12b). Solutions of IV-benzoylurea lc  (2.04 g, 0.01 mol) in 50 mL of 
dichloromethane and oxalyl chloride (1.27 g, 0.01 mol) in 20 mL of the 
same solvent were mixed and kept at room temperature for 2 h after 
which 2.80 g (0.03 mol) of aniline, dissolved in 15 mL of CH2C12, was 
added slowly with stirring causing precipitation of aniline hydro
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chloride. The resulting suspension was kept at room temperature for 
12 h. Filtration and concentration left a syrup which crystallized on 
scratching. The solid was suspended in water, filtered, and recrys
tallized from acetone/hexane giving colorless crystals.

The iV-benzoyl-JV'-oxamoylureas 12c, 12d and 12f were pre
pared following procedures similar to the one presented above 
employing dichloromethane or chloroform as solvents. Melting points 
and yields are given in Table I.

D. l-Aryl-3-(w-benzamidoalkyl)imidazolidine-2,4,5-triones 
( 13b—d) from 12b-d (General Procedure). Suspensions of 1-ben- 
zoyl-3-oxamoylureas 12b-d in methanol (ca. 1.0 g per 20-50 mL of 
solvent) were heated to reflux. The starting materials dissolved slowly 
and progress of the rearrangement was followed by TLC or IR. As soon 
as the reactions were complete (10 min to 2.5 h), part of the solvent 
was removed and water was added to precipitate the products, which 
were collected and purified for analysis by recrystallization from 
methanol/water. Extended heating of the methanolic solutions after 
completed rearrangement can cause further degradation of the par- 
abanates and thus result in lower yields.

No rearrangement to 13a was observed on prolonged heating of 12a 
in methanol (18 h; the odor of methyl benzoate indicated partial 
cleavage in a different manner) or briefly in DMF or DMF/water.

l-Phenyl-3-(2-benzam idoethyl)im idazolidine-2,4,5-trione 
(13a) via Cyclization. A,-Phenyl-Af'-(2-benzamidoethyl)urea14 (2.83 
g, 0.01 mol) and oxalyl chloride (1.26 g, 0.01 mol) were heated to reflux 
for 1 h in 50 mL of dichloromethane. The resulting reaction solution 
was evaporated leaving an oily residue which was dissolved in acetone. 
Gradual addition of water to beginning turbidity and scratching 
caused separation of 2.48 g of 13a; the crude material was recrystal
lized from methanol/water (colorless crystals); yield and mp are given 
in Table I.

In a similar manner, l-phenyl-3-(5-benzamidopentyl)imida- 
zolidine-2,4,5-trione (13d) was obtained from N-phenyl-/V'-(5- 
benzamidopentyl)ureals and oxalyl chloride in refluxing chloroform 
(45% yield).

Hydrolytic cleavage of 13d in aqueous potassium hydroxyde- 
methanol (1:3) at room temperature yielded the corresponding N- 
phenyl-A' (5-benzamidopentyl)urea in 90% yield.

Registry No.— la, 96-31-1; lb, 120-93-4; lc, 1852-17-1; Id,

19055-93-7; 8,67488-36-2; 10,67488-37-3; iV-phenyl-/V'-(/l-benzam- 
idoethyl)urea, 67488-38-4; oxalyl chloride, 79-37-8; /V-phenyl-lV'- 
(5-benzamidopentyl)urea, 67488-39-5; benzoyl chloride, 98-88-4; 
benzenesulfonyl chloride, 98-09-9; p-toluenesulfonyl chloride 98-59-9; 
aniline, 62-53-3; l,3-dimethylimidazolidine-2,4,5-trione, 5176-82-9;
1,5-diaminopentane, 462-94-2; /V-(5-aminopentyl)-/V'-phenylurea, 
67488-40-8.
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Several isothiazolo[4,5-6]pyrazines and isothiazolo[4,5-g]pteridines were prepared utilizing 3-methyl- and 3- 
methylmercapto-4-nitroso-5-acetamidoisothiazole (5a,b) as key starting materials. All attempts to desulfurize 
these fused isothiazoles were uniformly unsuccessful. Reaction of 3-methylmercapto-5-cyano-6- 
aminoisothiazolo[4,5-6]pyrazine (6b) with diethyl malonate in the presence of base unexpectedly resulted in the 
formation of the pyrido[2,3-b]isothiazolo[4,5-e]pyrazine 14 rather than cleavage of the isothiazole ring.

The classical synthetic route to pteridines involves con
densation of a preformed 4,5-diaminopyrimidine with an 
appropriately functionalized two-carbon unit (e.g., an a-keto, 
«-hydroxy, or a-bromocarbonyl compound).3 This so-called 
Isay route to pteridines, despite its attractive simplicity, 
suffers from the serious disadvantage that a mixture of 
structural isomers is formed when the two-carbon reaction 
component is itself unsymmetrical.4 In addition, however, the 
requisite pyrimidine intermediates are often extremely in
soluble and difficult to manipulate, and there are obvious 
structural limitations in the other reaction component which 
provides carbons 6 and 7 of the pteridine ring along with their 
associated substituents. Furthermore, pteridines are notor
iously insoluble and chemically recalcitrant compounds whose

chemical manipulation by the usual methods of synthetic 
organic chemistry poses severe problems. We have developed 
and exploited over the past few years an alternative synthetic 
pathway to pteridines which involves the prior synthesis of 
pyrazine (as opposed to pyrimidine) intermediates, followed 
by final annelation of the fused pyrimidine ring. This proce
dure possesses many chemical and manipulative advantages 
which have been summarized elsewhere.5 However, since 
certain types of pteridine derivatives have thus far not been 
directly accessible by this latter pathway (e.g., acyl deriva
tives), we have a continuing interest in exploring new synthetic 
methodologies. The present paper describes a projected 
strategy for the preparation of 6:acyl derivatives via isothia- 
zolo[4,5-6]pyrazines and isothiazolo[4,5-g] pteridines, both
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of which possess potential carbonyl groups in the C =N  unit 
of the isothiazole ring. Fused isothiazoles can be considered 
as latent amines, alkyl, or acyl groups, since they can be carried 
through a long synthetic sequence unscathed, to be destroyed 
in a final step by reductive desulfurization with release of the 
desired functionality (see, for example, Woodward’s elegant 
colchicine synthesis,6 and the recently described preparation 
of 6-amino-5-methylpyrimidines from isothiazolo[3,4-d]- 
pyrimidines).7

We have prepared several isothiazolo|4,5-g] pteridines as 
outlined in Scheme I. 5-Amino-3-methylisothiazole (3) was 
synthesized by the general method of Slack8 and Goerdeler9 
by hydrogen peroxide oxidation of the thioamide 2 a, which 
is readily prepared by base-catalyzed addition of hydrogen 
sulfide to acetonitrile dimer ( l a ) . 1 0  We found it best not to 
isolate 3a, but to convert it directly with acetic anhydride to
3-methyl-5-acetamidoisothiazole (4a ). The latter is a known 
compound,9 but various modifications in the above synthetic 
sequence have resulted in a much improved preparation. The 
key intermediate in our projected synthesis of isothia- 
zolo[4,5-g]pteridines was 3-methyl-4-nitroso-5-acetami- 
doisothiazole (5a ), but its preparation from 4a was not 
straightforward. Classical nitrosation procedures in acetic acid 
either with isoamyl nitrite or with sodium nitrite under many 
attempted reaction conditions were unsuccessful; in one at
tempt utilizing isoamyl nitrite a transient deep green color was 
observed, indicative of the formation of the desired 5a, but this 
color shortly faded and the reaction mixture turned dark 
brown. Successful nitrosation of 4a was finally achieved, 
however, utilizing nitrosyl hydrogen sulfate in dimethyl- 
formamide at room temperature.

Condensation of 5a  with malononitrile provided the 
isothiazolopyrazine 6 a  in low (25-30%) yield.11 Many varia
tions in reaction conditions with aprotic and protic solvents, 
the use of varying amounts of different bases such as trieth- 
ylamine, sodium methoxide, and pyridine, and inverse addi
tion of reactants were explored, but in every case the reaction 
mixtures turned dark brown and contained large amounts of 
tarry material. We attribute this decomposition or polymer
ization to base-catalyzed reactions involving the acidic 3-

methyl group10 of the isothiazole component 5a, since anal
ogous cyclizations involving the corresponding 3-methyl- 
mercapto derivative (5b , vide infra) proceeded without com
plication in quantitative yield.

Condensation of the isothiazolopyrazine 6 a  with guanidine 
gave 3-methyl-5,7-diaminoisothiaz.olo[4,5-g]pteridine (8 a), 
which could alternatively be prepared in a single step by 
condensation of 5a with 2,4,6-triaminopyrimidine. Similarly, 
condensation of 5a with 2,4-diamino-6(l/i)-pyrimidone gave 
the isothiazolo[4,5-g]pterin 9a, which was also prepared by 
alkaline hydrolysis of the 5-amino group of 8 a.

We then explored the possible desulfurization of these fused 
isothiazole derivatives in an attempt to generate 2-amino-
3-cyano-5-acetylpyrazine (from 6 a ) and the corresponding
6-acetyl derivatives of 2,4-diaminopteridine (from 8 a ) and of 
pterin itself (from 9a). Raney nickel desulfurization is a 
well-established synthetic procedure in organic chemistry;12 
deactivation of the nickel by boiling in acetone for a short 
period is known to allow retention of desulfurization capa
bilities but to inhibit the reduction of carbonyl and other 
functional groups sensitive to hydrogenation.13’14 Further
more, the pyrazine ring should be stable to Raney nickel 
desulfurization conditions, since 3-hydroxypyrazolo[f>]py- 
razines are readily converted under these conditions to 2- 
amino-3-carboxamidopyrazines in moderate to good 
yield.15

All attempts to effect desulfurization of these isothiazole 
intermediates, however, proved fruitless. Neither 6 a  nor its 
dimethylaminomethyleneamino derivative 7a (prepared from 
6 a  and dimethylformamide dimethyl acetal) gave any iden
tifiable product. Many different types of freshly prepared 
Raney nickel, such as W7,16 W4,17 and the modification de
scribed by Fieser and Fieser,14 under many different types of 
conditions in which solvents, temperature, amounts of re
agents, and time of reaction were all varied, were explored with 
6 a , but similar discouraging results were obtained from every 
experiment. Reaction mixtures were all monitored by TLC 
until starting material had disappeared, but separation of the 
nickel and evaporation of solvent led only to small amounts 
of tarry residues which were completely absorbed on charcoal
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in attempted purifications. Control experiments showed that 
pyrazines and pteridines closely related to the anticipated 
products could be treated with charcoal under similar con
ditions without any loss by absorption, and we conclude that 
complete destruction of the substrates took place under the 
above reaction conditions.

Similar discouraging results were obtained upon attempted 
Raney nickel desulfurization of thieno[2,3-6] pyrazines 10 
(which should lead to 5-(l-aminoalkyl)pyrazines) and the
6-methylmercaptopyrazine l l ;18 only small amounts of oily

polymeric tars were formed, regardless of variations in the 
reaction conditions. It appears that pyrazinyl radicals, which 
are presumably formed upon homolytic cleavage of the C-S 
bond,12 are inherently unstable and that, as a consequence, 
reductive desulfurization of sulfur-substituted pyrazines, 
regardless of the nature of the sulfur substituent, will probably 
be unsuccessful. This conclusion is unfortunately reinforced 
by our attempts to desulfurize the isothiazolopteridines 8a 
and 9a. Thus, attempted desulfurization of 9a  in 1% sodium 
hydroxide solution resulted again in the formation of a poly
meric tar. Since 3-methyl-5,7-diaminoisothiazolo[4,5-g]- 
pteridine (8a) was only soluble in acid, reductive desulfuri
zation was attempted with Raney nickel (once prewashed with 
concentrated formic acid) in concentrated formic acid as 
solvent,19 but a complex mixture of dark solids was obtained 
from which no identifiable single compound could be isolat
ed.20

Chemical reduction of 9a was also explored. Addition of 
sodium hydrosulfite to an alkaline solution of 9a resulted in 
the immediate precipitation of the trihydrate of the sodium 
salt of 9a (see Experimental Section). Addition of concen
trated hydrochloric acid to this reaction mixture, followed by 
several hours of stirring at room temperature, gave an orange 
solid whose physical and spectral properties were consistent 
with structure 12, the product of S-N hydrogenolysis followed

by acid hydrolysis of the resulting imine. Once again, however, 
reductive desulfurization had not been achieved, despite the 
successful introduction of the desired acetyl grouping into the 
pteridine nucleus.

By a sequence of reactions analogous to those described in 
Scheme I for the preparation of 6a , we prepared the corre
sponding 3-methylmercaptoisothiazolo[4,5-6]pyrazine 6b . 
Thus, méthylation of malonic acid dithioamide with methyl 
iodide gave 3-amino-3-methylmercaptoacrylthioamide (2b ), 
which was oxidized with hydrogen peroxide to 3-methyl- 
mercapto-5-aminoisothiazole (3 b ); in contrast to the very 
labile 3a, 3b proved to be a stable crystalline solid. Acetylation 
of 3 b  with acetic anhydride followed by nitrosation with ni-

trosyl hydrogen sulfate in dimethylformamide solution gave 
5b , which was condensed with malononitrile to 6b  in quanti
tative yield.

In view of the difficulties experienced above in attempted 
desulfurization of 6a, 8a, and 9a, we did not explore reductive 
desulfurization of 6b . Instead, we envisioned 6b  as a poten
tially versatile intermediate for the introduction of func
tionality at position 3 by nucleophilic displacement either of 
the methylthio grouping or the corresponding methylsulfone, 
thus providing (assuming an eventually successful reductive 
cleavage) a route to a variety of 6-acylpteridine derivatives.

We report here on the reaction of 6b  with the sodium salt 
of diethyl.malonate. It is known that 3-chloro-l,2-benzo- 
isothiazole may react with nucleophiles either at C-3, with 
displacement of chloride ion, or at the ring sulfur atom with 
concomitant ring opening, elimination of chloride ion, and 
generation of an ortho-substituted nitrile.21 When C-H acidic 
methylene compounds such as diethyl malonate are employed 
as the nucleophile, the ring-opened o-cyano substituted in
termediate subsequently cyclizes to a benzo[6]thiophene 
derivative.22 We thus anticipated, based on this close analogy, 
that reaction of 6b  with the sodium salt of diethyl malonate 
would probably follow path a indicated in Scheme II to give 
the thieno[6]pyrazine 13. An analogous isothiazole to thio
phene rearrangement has been reported with some isothia- 
zolo[5,4-f>]pyridines.23 In fact, this ring transformation might 
be expected to proceed even more readily in the present case 
because of the better leaving-group capabilities of the meth
ylthio grouping compared with chloride ion. However, under 
the same reaction conditions employed by Clarke et al. for the 
conversion of 3-chloro-l,2-benzoisothiazole to benzo[6jthio- 
phenes, 6b  and diethyl malonate gave the pyrido[2,3-i>]iso- 
thiazolo[4,5-e]pyrazine 14. No displacement either on carbon 
or on sulfur takes place; instead, acylation of the amino group 
in the pyrazine ring by diethyl malonate (path b) is followed 
by intramolecular cyclization across the ortho-situated nitrile 
grouping to generate the 5-amino fused pyridine derivative
14.

In an attempt to avoid initial reaction of diethyl malonate 
with the 6-amino function in 6b , the latter was converted to 
its 6-dimethylaminomethyleneamino derivative 7b  with di
methylformamide dimethyl acetal. However, 7b  failed to react 
with diethyl malonate in the presence of sodium ethoxide at 
room temperature, even after 6 days. When the reaction 
mixture was heated, starting material disappeared completely 
within a few hours, but TLC indicated the simultaneous for
mation of at least ten compounds.

E x p e r im e n ta l  S e c t io n

3-Methyl-5-acetamidoisothiazole (4a). To a chilled (0 °C) so
lution of 11.4 g (0.1 mol) of /3-iminothiobutyramide in 200 mL of 
methanol was added dropwise 11.5 g (0.1 mol) of 30% hydrogen per
oxide. After 15 min of stirring, the methanol was removed by evapo
ration under reduced pressure, the residual solid was dissolved in 
ether, and the resulting solution was dried over anhydrous MgSCfi. 
The dried ether solution was then reduced to a small volume by 
evaporation under reduced pressure and 40 mL of acetic anhydride 
was added. The reaction was exothermic, and a white precipitate 
separated. After 3 h of stirring, the solid was removed by filtration 
and recrystallized from water (Norite) to give 12.6 g (81%) of 4a as 
white needles, mp 173-174 °C (lit.8mp 180-181 °C).

3-Methyl-4-nitroso-5-acetamidoisothiazole (5a). To a solution 
of 7.8 g (50 mmol) of 3-methyl-5-acetamidoisothiazole in 48 mL of dry 
dimethylformamide, chilled to 0 °C, was added in small portions 6.35 
g (50 mmol) of nitrosyl hydrogen sulfate. After 2 h of stirring, the green 
solution was poured into water and the light green solid collected by 
filtration and recrystallized from ether to give 5.0 g (57%) of 5a as a 
bright green crystalline solid, mp 166-167 °C.

Anal. Calcd for C6H7N30 2S: C, 38.91; H, 3.81; N, 22.69; S, 17.31. 
Found: C, 38.86; H, 3.70; N, 22.76; S, 17.11.

3-M ethyl-5-cyano-6-aminoisothiazolo[4,5-b]pyrazine (6a). 
To a slurry of 3.7 g (20 mmol) of 3-methyl-4-nitroso-5-acetami-
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doisothiazole in 80 mL of ethanol, chilled to 0 °C, was added a solution 
of 4.0 g (40 mmol) of triethylamine and 1.6 g (24 mmol) of malononi- 
trile in 20 mL of ethanol. After addition was complete, the reaction 
mixture was stirred to 0 °C for 8 h and the separated solid then was 
removed by filtration and recrystallized from ethanol (Norite) to give
2.0 g (26%) of 6a as bright yellow needles, mp 203-205 °C (followed 
by resolidification).

Anal. Calcd for C7H5N5S: C, 43.96; H, 2.64; N, 36.63; S, 16.77. 
Found: C, 44.03; H, 2.50; N, 36.39; S, 16.78.

3-Methyl-5,7-diaminoisothiazolo[4,5-g']pteridine (8a). Method 
A. A mixture of 4.65 g (25 mmol) of 3-methyl-4-nitroso-5-acetami- 
doisothiazole and 3.17 g (25 mmol) of 2,4,6-triaminopyrimidine in 50 
mL of acetic acid was heated with stirring to 100 °C. A clear solution 
was thus obtained, which was then stirred at room temperature. After 
2 h, a yellow solid started to separate and after 5 h of stirring, the re
action mixture was filtered and the collected yellow solid was washed 
with acetic acid followed by ether and then dried in vacuo. The crude 
product was stirred vigorously for 1 h in hot acetone, removed by fil
tration, rinsed with acetone, and then dried under reduced pressure 
at 140 °C: yield, 5.72 g (98%); mp >310 °C.

Anal. Calcd for C8H7N7S: C, 41.20; H, 3.02; N, 42.04; S, 13.75. 
Found: C. 41.13, H, 2.84; N, 42.16; S, 14.23.

Method B. A solution of 86 mg (0.5 mmol) of 3-methyl-5-cyano-
6-aminoisothiazolo[4,5-b]pyrazine in 8 mL of methanol was treated 
with 1 equiv of guanidine in methanol (prepared by dissolving 
equivalent amounts of guanidine hydrochloride and sodium meth- 
oxide in methanol, and filtering off the precipitated sodium chloride), 
and the reaction mixture was heated under reflux for 5 h. The pre
cipitated yellow solid was removed by filtration, washed well with 
methanol followed by ether, and dried [140 °C (0.01 Torr)], yield 90 
mg (77%). It was analytically pure without further purification and 
was identical in all respects with the material prepared by method 
A.

3-Methylisothiazolo[4,5-g']pterin (9a). Method A. A mixture 
of 2.82 g (15 mmol) of 3-methyl-4-nitroso-5-acetamidoisothiazole and
2.16 g (15 mmol) of 2,4-diamino-6(lH)-pyrimidinone in 75 mL of 
acetic acid was heated on a steam bath for 1.5 h, at which point no 
residual isothiazole could be detected by TLC (benzene/acetone (9:1) 
on silica gel). The hot reaction slurry was then filtered and the col
lected solid was washed with acetic acid followed by ethanol and ether. 
The crude product was further purified by dissolution in 50 mL of 0.1 
N NaOH, acidification with concentrated HC1, and dilution with 50 
mL of water; filtration then gave 1.85 g (79%) of 9a as a light green- 
yellow solid, mp >360 °C.

Anal. Calcd for C8H6N6OS: C, 41.02; H, 2.58; N, 35.87; S, 13.69. 
Found: C, 41.08; H, 2.31; N, 35.63; S, 13.90.

Method B. A slurry of 100 mg of 3-methyl-5,7-diaminoisothiazo- 
lo[4,5-g]pteridine in 5 mL of 1 N NaOH was heated under reflux with 
stirring until complete solution was achieved (30 min). Cooling of the 
reaction mixture resulted in the separation of yellow crystals of the 
hydrated sodium salt of 9a. The mixture was cooled overnight at 2-5 
°C and filtered, and the collected solid was triturated with dilute 
hydrochloric acid. The resulting precipitate was collected by filtration, 
washed with water, and dried [140 °C (0.01 Torr)] to give 65 mg (65%) 
of analytically pure 9a, identical in all respects with the material 
prepared by method A.

6-Acetyl-7-mercaptopterin (12). To a solution of 250 mg of 3-
methylisothiazolo(4,5-g]pterin in 25 mL of 0.1 N NaOH was added 
in two portions 370 mg of sodium hydrosulfite. The clear solution 
rapidly turned turbid with the separation of 3-methyl-

isothiazolo[4,5-g]pterin sodium salt trihydrate as a yellow solid, mp 
>360 °C. (Anal. Calcd for C8H5N60SNa-3H20: C, 30.97; H, 3.57; N,
27.09. Found: C, 31.28; H, 3.59; N, 27.13.) After 15 min at room tem
perature, the slurry was treated with 1 mL of concentrated HC1 and 
then stirred overnight. The resulting bright yellow-orange solid was 
collected by filtration, suspended in water, and then dissolved by the 
careful addition of 0.1 N NaOH. The resulting orange solution was 
treated with Norite and filteraid and filtered, and the filtrate was 
acidified with concentrated HC1 to give 230 mg of 12 as an orange- 
yellow solid, mp >300 °C dec.

Anal. Calcd for C8H7N50 2S-1.5H20: C, 39.00; H, 3.28; N, 28.46; S,
13.05. Found: C, 39.53; H, 3.03; N, 28.52; S, 12.58.

3-Methyl-5-cyano-6-(dimethylaminomethyleneammo)isothi- 
azolo[4,5-/>]pyrazine (7a). To a mixture of 5 mL of tetrahydrofuran 
and 5 mL of dimethylformamide dimethyl acetal was added 1.0 g of
3-methyl-5-cvano-6-aminoisothiazolo[4,5-6]pyrazine. Immediate 
solution was achieved, but after a few minutes the product started to 
precipitate. It was removed by filtration (a small amount of additional 
product could be obtained by concentration of the filtrate) and rec
rystallized from ether to give 1.05 g (81%) of 7a as a colorless solid, mp
152-153.5 °C.

Anal. Calcd for Ci0HI0N6S: C, 48.76; H, 4.09; N, 34.12; S, 13.02. 
Found: C, 48.93; H, 4.06; N, 34.05; S, 12.96.

3-Amino-3-methyhnercaptoacrylthioamide (2b). To a slurry 
of 26.8 g (0.20 mol) of malonic acid dithioamide in 80 mL of dimeth
ylformamide at room temperature was added dropwise 32.0 g (0.23 
mol) of methyl iodide at such a rate that the temperature of the re
action mixture did not rise above 37 °C. The reaction mixture was 
then stirred for 2 h after addition was complete, by which time all of 
the remaining malonic acid dithioamide had dissolved. The reaction 
mixture was then chilled to 0 °C and poured slowly into a chilled so
lution of 19.0 g (0.23 mol) of sodium bicarbonate in 500 mL of water. 
Filtration then gave 19.3 g of crude product which still contained a 
small amount of unreacted malonic acid dithioamide. The crude 
product was extracted with ether, utilizing a Soxhlet extractor, from 
which pure 2b crystallized upon concentration: yield, 16.0 g (54%); 
mp 104.5-105.5 °C. The product may be obtained in the form of col
orless crystals upon recrystallization from methanol or ether.

Anal. Calcd for C4H8N2S2: C, 32.41; H, 5.44; N, 18.90; S, 43.26. 
Found: C, 32.65; H, 5.22; N, 19.14; S, 43.18.

3-Methylmercapto-5-aminoisothiazole (3b). To a solution of
1.48 g (10 mmol) of 3-amino-3-methylmercaptoacrylthioamide in 20 
mL of methanol, chilled to 0 °C, was added dropwise 1.15 g (10 mmol) 
of 30% hydrogen peroxide. After addition was complete, the reaction 
mixture was stirred for 1 h at room temperature and then evaporated 
to dryness. The residue was dissolved in 40 mL of ether, the ether 
solution was dried over anhydrous M gS04, and the reaction mixture 
was concentrated by evaporation to induce crystallization: yield, 1.1 
g (75%); mp 116.5-118 °C. The product was obtained in the form of 
colorless crystals by recrystallization from ether (Norite).

Anal. Calcd for C4H6N2S2: C, 32.85; H, 4.14; N, 19.16; S. 43.85. 
Found: C, 33.09; H, 3.89; N, 19.25; S, 43.78.

3-Methylmercapto-5-acetamidoisothiazole (4b). A solution of
2.19 g of 3-methylmercapto-5-aminoisothiazole in 6 mL of acetic 
anhydride and 10 mL of tetrahydrofuran was stirred at room tem
perature for 3 h. The reaction mixture became warm after a few 
minutes of stirring, and after 1 h the product started to separate. The 
reaction slurry was cooled to 0 °C and filtered, and the product was 
crystallized from methanol (Norite) to give 2.6 g (92%) of 4b as col
orless crystals, mp 196-197 °C.
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Anal. Calcd for CeHgNzOSs: C, 38.28; H, 4.27; N, 14.88; S, 34.06. 
Found: C, 38.49; H, 4.45; N, 14.67; S, 34.14.

3-Methylmercapto-4-nitroso-5-acetamidoisothiazole (5b). To 
a solution of 0.94 g (5 mmol) of 3-methylmercapto-5-acetamidoiso- 
thiazole in 4 mL of dry dimethylformamide was added in small por
tions 0.72 g (5.5 mmol) of nitrosyl hydrogen sulfate. The reaction 
mixture was stirred for 1 h, diluted with 20 mL of water, and filtered 
to give a dark green solid which was collected by filtration, washed 
with water, and recrystallized from ethanol: yield, 0.95 g (79%); mp 
230 °C dec.

Anal. Calcd for C6H7N302S2: C, 33.17; H, 3.25; N, 19.35; S, 29.52. 
Found: C, 33.45; H, 3.14; N, 19.66; S, 29.37.

3-Methylmercapto-5-cyano-6-aminoisothiazolo[4,5-h]pyra- 
zine (6b). A mixture of 2.42 g (11.1 mmol) of 3-methylmercapto-4- 
nitroso-5-acetamidoisothiazole, 1.0 g (15 mmol) of malononitrile, and
1.2 g (12 mmol) of triethylamine in 20 mL of ethanol was refluxed for 
1 h and the resulting greenish yellow precipitate was collected by 
filtration and washed with ethanol followed by ether. Recrystallization 
from ethanol (Norite) gave 2.23 g (94%) of 6b as yellow crystals, mp 
>270 °C dec (with decomposition starting with 210 °C).

Anal. Calcd for C7H5N5S2: C, 37.65; H, 2.26; N, 31.37; S, 28.72. 
Found: C, 37.47; H, 2,29; N, 31.18; S, 28.75.

3-Methylmercapto-5-cyano-6-(dimethylaminomethylene- 
amino)isothiazolo[4,5-b]pyrazine (7b). A slurry of 1.0 g of 3- 
methylmercapto-5-cyano-6-aminoisothiazolo[4,5-b]pyrazine in 15 
mL of dimethylformamide dimethyl acetal was stirred at room tem
perature for 24 h, by which time TLC indicated complete disap
pearance of starting material. The reaction mixture was evaporated 
to dryness, the residue was triturated with ether and filtered, and the 
product was recrystallized from ethanol (Norite) to give 1.24 g 
(quantitative) of 7b as a greenish yellow solid, mp 211-213 °C.

Anal. Calcd for Ci0Hi0N6S2: C, 43.15; H, 3.62; N, 30.19; S, 23.04. 
Found: C, 42.87; H, 3.62; N, 30.09; S, 23.15.

3-M ethylmercapto-5-amino-6-carboethoxypyrido[2,3-b]iso- 
thiazolo[4,5-e]pyrazin-7(8H)-one (14). A slurry of 0.565 g (2.5 
mmol) of 3-methylmercapto-5-cyano-6-aminoisothiazolo[4,5-b]- 
pyrazine, 400 mg (2.5 mmol) of diethyl malonate, and 20 mL of ethanol 
containing 120 mg (5 mmol) of sodium was stirred at room tempera
ture for 4 days, by which time TLC indicated that no starting material 
remained. The reaction mixture was concentrated under reduced 
pressure and filtered to give 0.8 g (98%) of the orange-yellow sodium 
salt of 14. Dissolution of this salt in dimethylformamide followed by 
addition of a small amount of acetic acid resulted in the separation 
of analytically pure bright yellow 14, mp 305-310 °C dec.

Anal. Calcd for CnHnNsOaS* C, 42.72; H, 3.29; N, 20.76; S, 19.01. 
Found: C, 42.66; H, 3.30; N, 20.81; S, 18.96.

Registry No.—2b, 67209-06-7; 3b, 67209-07-8; 4a, 67209-08-9; 4b, 
67209-09-0; 5a, 67209-10-3; 5b, 67209-11-4; 6a, 67209-12-5; 6b, 
67209-13-6; 7a, 67209-14-7; 7b, 67209-15-8; 8a, 67209-16-9; 9a, 
67209-17-0; 9a Na salt, 67209-18-1; 12, 67209-19-2; 14, 67209-20-5;

14 Na salt, 67209-21-6; d-iminothiobutyramide, 32081-55-3; nitrosyl 
hydrogen sulfate, 7782-78-7; malononitrile, 109-77-3; 2,4,6-triami- 
nopyrimidine, 1004-38-2; guanidine, 113-00-8; 2,6-diamino-4(3H)- 
pyrimidinone, 56-06-4; dimethylformamide dimethyl acetal, 4637- 
24-5; malonic acid dithioamide, 6944-34-9; diethyl malonate, 510-
20-3.
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Methods for the preparation of anthracyclinones from substituted anthraquinone derivatives are described. The 
construction of the alicyclic A ring was achieved via intramolecular base-catalyzed cyclizations of dihydroanthra- 
quinones.

Daunorubicin2 (1), doxorubicin3 (2), and carminomycin4
(3) are members of a large family of anthracycline antibiotics

1, R, = CH3; R 2 = H
2, R, = CH3;R 2 = OH
3, R , = H; R 2 = H

produced by Streptomyces sp. The structures of these com
pounds were established by a combination of spectral ana
lyses511 and chemical degradations23’5® and further confirmed 
by X-ray analysis,5® which revealed these molecules to consist 
of a tetracyclic aglycon attached to the amino sugar dauno- 
samine via a /3-glucosidic bond. The stereochemistry of both 
asymmetric centers of the aglycons is of the S configuration, 
and the amino sugar is of the L configuration.

In recent years, these antibiotics have attracted consider
able attention because of their remarkable effectiveness in 
combating a variety of human malignancies.6 However, like 
many cytotoxic drugs, they also display untold side effects, 
the most serious being their cardiotoxicities.7 Due to the lack 
of an efficient fermentation process35 and that a small struc
tural difference between doxorubicin and daunorubicin can 
so favorably affect therapeutic characteristics,6 there has been 
continual chemical interest aimed at the development of an 
efficient total synthesis of these antibiotics and totally syn
thetic analogues with improved therapeutic properties. As 
several suitable syntheses of daunosamine8 and its coupling 
to daunomycinone9 have already been accomplished, our re
search efforts have been directed to the synthesis of the 
aglycone moieties (anthracyclinones) of these antitumor an
tibiotics.

Several synthetic approaches to the tetrahydro-5,12- 
naphthacenedione ring system have been developed utilizing 
Friedel-Crafts10 (eq 1), photo-catalyzed or Lewis acid cata
lyzed Fries11 (eq 2), and Diels-Alder reactions12 (eq 3) as il
lustrated in Scheme I. With a few exceptions,lla-13 most of 
these synthetic schemes lack regiochemical control with re
spect to the orientation of ring A and D substituents. Recently, 
we developed a fundamentally different approach to the 
synthesis of anthracyclinones1 from appropriately substituted 
anthraquinone derivatives. In this paper, we record the precise 
experimental procedures required for the successful elabo
ration of the alicyclic ring A since these methods are likely to 
find frequent use in the synthesis of anthracyclinones.

0022-3263/78/1943-4159$01.00/0

Scheme I
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Anthraquinone derivatives are potential starting materials 
for anthracyclinone synthesis because they are readily avail
able from microbial14 and plant15 sources or as intermediates 
of dye synthesis.16 While one can readily envisage a regio- 
specific synthesis of anthracyclinones via the cyclization 
of appropriately substituted anthraquinone derivatives such 
as 4, the success of this approach rests heavily on the devel
opment of a suitable method for the construction of ring A. 
To examine the feasibility of this synthetic scheme, we se
lected 5 as a model compound for our initial ring closure ex
plorations, for it may be more readily prepared than 4. Also,
4 -demethoxydaunorubicin is a compound of considerable 
clinical importance for it possesses an improved therapeutic 
index17 as compared to daunorubicin in animal studies.

Condensation of phthalic anhydride with methylhydro- 
quinone in an AlCL-NaCl melt at 190 °C afforded 2-

© 1978 American Chemical Society
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methyl-1,4-dihydroxyanthraquinone (6 ) in 79% yield. After 
methylation, 7 was brominated to give 8a (55%), accompanied 
by residual 7 and dibromide 8b, but 8a was isolated by re
crystallization. It is interesting to note that while bromination 
of 7 was comparatively rapid (2 h), bromination of 1,4-diace- 
toxy-2 -methylanthraquinone was very slow (16 h), presumably 
due to the electron-withdrawing acetyl groups. Alkylation of 
8a with ethyl 3-acetyllevulinate gave 9 (8 8 %). Simultaneous 
ester hydrolysis and cleavage of /3-diketone were achieved by 
treating 9 with 8% NaOH at 60 °C. The model compound 5 
was obtained by esterification of 10  with diazomethane, de- 
methylation with BBr3 at -78  °C, and ketalization. Opera
tionally, the conversion of 2-methylhydroquinone to 5 may 
be easily executed with one chromatography in an overall yield 
of 23% (Scheme II).

Having the tricyclic ketal 5 in hand, we proceeded to ex
amine experimental conditions required for cyclization using 
a variety of bases (NaH, LDA, NaOMe, f-BuOK), acids (BF3 
ethereate, PPA, HF, H9SO4), and solvents (DMF, HMPA, 
THF, MeOH, f-BuOK) at varying temperatures (25-160 °C), 
but unfortunately no cyclization of 5 was observed. We sur
mised that this resistance of 5 toward cyclization is attributed 
to the apparent strong electron-withdrawing property of the 
anthraquinone system. To surmount this obstacle, it appeared 
necessary to alter the electronic configuration of the anthra
quinone system (Scheme III). This was achieved by reduction 
of 5 with zinc dust in acetic acid12f to yield a single diaste- 
reomer 13, as evidenced by the two sharp singlets at 6 3.92 and
3.66 corresponding to the protons of the ethylene ketal and 
the methyl ester. When 13 was refluxed with BaO and zinc 
dust in acetone (condition 5, Table I), another diastereomer

S c h e m e  I I

6 , R ,  =  H ;  R 2 =  C H ,

7 ,  R ,  =  R 2 =  C H 3

8 a ,  R ,  =  C H 3 ; R 2 =  C H 2B r  

8 b ,  R ,  =  C H 3 ; R 2 =  C H B r 2

°  A l C I 3 - N a C I ,  1 9 0 ° C .  *  ( C H 3 ) 2 S O „ - K 2 C 0 3 - a c e t o n e ,  r e 

f l u x .  c N B S —B P O —C C 1 4 , r e f l u x .  d  N a H —e t h y l  3 - a c e t y l -  

l e v u l i n a t e — D M F ,  2 5  ° C .  8 %  N a O H ,  6 0  ° C .  / C H 2 N 2 . £  B B r 3-  

C H 2 C 1 2 , — 7 8  ° C .  h E t h y l e n e  g l y c o l — b e n z e n e ,  r e f l u x .

Scheme III

o x id a t io n

O H  O  O

was formed as indicated by the appearance of another pair of 
singlets of equal intensity at 5  3.94 and 3.62. An exhaustive 
study of the cyclization of the leuco form 13 using a variety of 
conditions is tabulated in Table I. Conditions 1 - 4  catalyzed 
the oxidation of 13 back to 5. However, the reaction path was 
dramatically altered when Zn dust was included in the reac
tion mixture (condition 6 ). This is evidenced by the appear
ance of four colored compounds on TLC plates (CHCl:s-ace- 
tone, 95:5): pink-red (R f  0.52); orange and yellow (both have 
R f  0.32); and brownish red ( R f  0.25). The orange and yellow 
compounds corresponded to 5 and residual starting material 
13 respectively, by comparison with authentic samples. After 
preparative TLC, the brownish red band was isolated and 
characterized to be 15 on the basis of mass spectral and NMR 
data. The pink-red band was identified as an oxidation 
product of 15 and was assigned the structure 16. This struc-
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Table I. Reaction Conditions and Product Yield Data for the Cyclization of 5.

run base solvent
reducing
reagents

temp,
°C

time,
min

major
products

1 NaH or LDA THF-HMPA 30 5
2 BaO HMPA 140 18 5
3 NaH DMF 140 4 5
4 CaO DMF Zn 140 35 5
5 BaO acetone Zn reflux 180 13° + 5
6 BaO DMF Zn 140 25 15 (20%), 16 (14%), 5 & 13 (12%)6
7 NaH DMF Zn 25 3 5
8 NaH DMF Na2S204 25 10 5
9 CaO HMPA Zn 140 10 5

10 CaO diglyme Zn 140 35 15 (12%), 5 & 13 (50%)
11 CaO f-BuOH Zn reflux 30 5,13
12 CaO ethylene glycol Zn 140 3 15 (49%), 5a, 5b
13 CaO ethylene glycol Zn 25-80 60 5,5b
14 MgO ethylene glycol Zn 140 9 5,13
15 CaO ethylene glycol-diglyme (3:2) Zn 140 3 15 (52%), 5a, 5b
° Two diastereomers. 6 Values in parentheses indicate isolated yields.

turai assignment was deduced from the NMR data which 
showed three strongly hydrogen-bonded proton signals at <5 
13.35, 12.25, and 10.37, rendering structure 17 an unlikely

possibility. Also, from thermodynamic considerations, one 
would expect that aerial oxidation of 15 would preferentially 
give rise to an isomer with maximum hydrogen bonding.

It is noteworthy that conditions 7 (NaH-Zn-DMF) and 8 
(NaH-Na2S2 0 4-DMF) afforded only 5 as a result of back 
oxidation of 13. This suggests that the anion 13a thus gener
ated appears to be rather unstable, and neither Zn nor 
Na2S2 0 4 suppressed the oxidation of the anion (13a) to the 
anthraquinone anion via electron transfer or some other 
mechanism. On the other hand, anion 13a, generated by the 
use of divalent bases such as BaO or CaO, appears to be less 
unstable. Presumably, these divalent counterions may be 
involved in stabilization via complexation to allow cyclization 
to occur. To some extent, Zn appeared to suppress back oxi
dation.

Since 13 is ipso facto the diketo form of the 1,4,9,10-te- 
trahydroxyanthracene derivative, one may consider this cy
clization to be analogous to C acylation of ambident anions 
of hydroquinones. It is well known that hydroxylic solvents 
(e.g., H20, CF3CH3OH, etc.) favor C- vs. O-alkylation of am
bident anions of phenoxides or naphthoxides.18 Conceivably,
O-acylation may also occur, giving rise to the acid 18 upon 
workup, but this possibility appears remote in view of the 
involvement of seven- or eight-membered rings.

Polyhydroxylic solvents with high boiling points such as 
ethylene glycol were found to be the best solvent for this cy
clization since in general intramolecular acylation reactions 
require high activation energies. For optimum results, cycli
zation of 13 should be carried out using the following proce
dure: CaO (8  equiv), Zn (2 equiv), ethylene glycol-diglyme 
(3:2), and heating at 140 °C for 3 min; diglyme was used for 
better dissolution of 13 (condition 15). It is important to em
phasize that after mixing the solvents, base and 13 at —78 °C, 
to minimize ester exchange and back oxidation, the temper
ature of the reaction flask should be brought to 140 °C as 
quickly as possible because the glycolic ester 19 (leuco form) 
failed to undergo cyclization under these reaction conditions

(Scheme III). This suggests that the rate of cyclization is de
termined by entropies of activation.

Since the intramolecular Claisen cyclization requires rather 
rigid experimental conditions to suppress side reactions, it 
may not be suitable for large-scale operations. We reasoned 
that if the ester grouping is transformed into an aldehyde, 
cyclization may be more facile due to a lowering of activation 
energy and may minimize competitive reactions such as back 
oxidation. Thus, 5 was converted into 24 via a five-step reac
tion sequence in 35% overall yield (Scheme IV). This included 
benzylation of 5 to give 20 (91%), hydrolysis of 20 (92%), re
duction of 21 with diborane (6 8 %), debenzylation of 22 (87%), 
and oxidation of 23 with pyridinium chlorochromate (6 6 %). 
It was found that 5 was easily reduced to its corresponding 
anthracene derivative with either diborane or LiAlH4 at 25 
°C, presumably via intramolecular hydride transfer and de
hydration. Thus, the hydroxyls of 5 were protected as benzyl 
ethers. Reduction of 24 with zinc dust in acetic acid afforded 
two diastereomers (25; 94% which were separated by prepar
ative TLC. Both compounds gave identical mass spectra, and 
each diastereomer exhibited a signal at d 13.50 or 13.58, 
characteristic of one hydrogen-bonded proton, but no signals 
corresponding to aldehydic protons were observed. These 
spectral data are consistent with the supposition that the 
expected dihydroanthraquinone derivative preferentially 
exists in its enol hemiacetal forms, 25. This mixture of dia
stereomers (25) was cyclized directly without further purifi
cation using condition 15 of Table I to yield 27 as red crystals 
in 56% yield. Presumably, this transformation proceeds via 
the unstable intermediate 26, which upon dehydration and 
tautomerism affords 27. Acid deketalization of 27 afforded 28 
in 92% yield.

This sequence of reduction of 24 into its leuco form, fol
lowed by base-catalyzed cyclization is mechanistically 
equivalent to an intramolecular Marschalk reaction. In fact, 
it was subsequently found that this transformation of 24 into 
27 was conveniently affected in one step using Na2S2 0 4 in 8% 
NaOH and p-dioxane at 90 °C in comparable yield (50%).

The successful development of methods for ring A closure 
in the 4-demethoxy series prompted us to focus our attention 
to the regiochemical synthesis of 4 from the readily available 
starting material l-hydroxy-5-methoxyanthraquinone19 (29) 
(Scheme V). Methylation of 29 at the C-2 position using di- 
thionite and aqueous formaldehyde in 1.5 N NaOH (Mar
schalk reaction) 20 afforded 30 in 60% yield after silica gel 
chromatography. Acylation of 30 with acetic anhydride in the 
presence of a catalytic amount of concentrated H2S0 4 at 25 
°C gave 31 in quantitative yield. Treatment of 31 with 1.3 
equiv of NBS yielded the desired bromide 32a (60%) and di-
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Scheme IV

5

\ a- b

2 0 ,  R ,  =  C H 2 P h ; R 2 =  C H 3

2 1 ,  R ,  =  C H 2 P h ; R 2 =  H

2 2 ,  R ,  =  C H 2P h

2 3 ,  R ,  =  H

O H

2 8 ,  R  =  O

Scheme V

0 1 , rvj — , xv2 13

3 2 a ,  R ,  =  A c ;  R 2 =  C H 2B r  

3 2 b ,  R ,  =  A c ;  R 2 =  C H B r 2

3 5 ,  R ,  =  O ;  R 2 =  C O O H

3 6 ,  R ,  =  0 ; R 2 =  C O O C H 3

3 7 ,  R ,  =  0 C H 2 C H 2 0 ;  R 2 =  C O O H

3 8 ,  R ,  =  O C H 2 C H 2 0 ;  R 2 =  C O O C H 2 C H 2O H

0 2 -salcomine) did not give significant quantities of the desired 
product.

Having the desired key intermediate 35 at hand, we pro
ceeded to examine conditions required for its cyclization using 
acidic reagents such as HF, concentrated H2 SO4 , PPA, and 
BF 3 ethereate at varying temperatures. In each instance, a 
complex mixture of products was formed, but no anthracy- 
clinones were detected. When 35 was treated w ith HF at 100 
°C ,22 w ith PPA at 70 °C, or with BF3-E t 2 0  at 120 °C, a major 
product was formed which was characterized as the unsatu
rated lactone 39, mp 294-297 °C.

a P h C H 2 B r ,  K j C 0 3 —a c e t o n e ,  r e f l u x .  b 8%  N a O H ,  p - d i o x -  

a n e ,  9 0  " C .  c B H 3 , T H F ,  25 ° C .  d 5 % P d - B a S 0 4 , H 2 . e P C C -  

C H 2 C 1 2 . / Z n - A C O H ,  25 ° C .  8 C a O ,  e t h y l e n e  g l y c o l - d i g l y m e ,  

Z n ,  1 4 0  ° C .  h N a 2 S 2 0 4 , 8 %  N a O H ,  p - d i o x a n e ,  9 0  ° C .

bromide 32b (27%). The monobromide 32a was conveniently 
separated from the mixture by several crystallizations from 
CHCI3-CCI4 and silica gel chromatography. Alkylation (NaH, 
DMF, 25 °C) of 32a w ith ethyl 3-acetyllevulinate gave 33 in 
96% yield. Hydrolysis of the ester grouping and cleavage of the 
0-diketone (reverse Claisen) were simultaneously effected by 
the reaction of 33 w ith 5% NaOH at 65 °C (91%). The overall 
yield of 34 from 30 was 52%.

Introduction of the hydroxyl function at C-4 in 34 was ac
complished using the E lbs oxidation procedure.2 1 After ex
pending a considerable amount of effort in defining the op
timum reaction conditions, moderate yields of 35 (42%) were 
obtained along w ith unreacted 34 (38%), which was conve
niently separated from the product without chromatography 
and recycled. Attempts to introduce the C-4 hydroxylation 
step at an earlier stage in our synthesis using 30 as substrate 
were unsuccessful. Apparently, this failure may be attributed 
to the poor solubility of 30 in the aqueous oxidative medium, 
and addition of DMF, Me2SO, or THF to the reaction medium 
did not improve the hydroxylation process. In our experience, 
the presence of a carboxylic acid function is a prerequisite to 
obtaining reasonable yields of the hydroxylated product in 
the E lbs reaction since i t  greatly improves the solubility of 
the compound in the aqueous oxidative medium. The use of 
mixed solvents has not been fruitful, for lower yields of 35 were 
obtained in each instance. Attempts to oxidize 34 at C-4 using 
other oxidation reagents (Fremy salt, CrOa-OAC, H 2O2-AICI3 ,

Since attempts to catalyze the cyclization of 4 w ith con
ventional acidic reagents were unsuccessful, we decided to call 
upon the cyclization method that was used in the 4-demethoxy 
series. Thus, 35 was quantitatively converted into 36 with 
diazomethane, which was then transformed into its ethylene 
ketal 4 in 82% yield. However, in contrast to the 4-demethoxy 
series, 4 was only sluggishly and incompletely reduced into its 
leuco form, 40, using zinc dust in acetic acid. I t  was d ifficu lt 
to separate 40 from 4 via preparative TLC because of the 
susceptibility of 40 to undergo aerial oxidation back into 4. 
Attempts to accelerate this reduction process through the 
addition of formic or hydrochloric acid were without success. 
On the other hand, 4 was found to be smoothly converted into 
40 in 85% yield using dithionite in 5% NaOH; a small quantity 
of dioxane was needed to ensure the dissolution of 4.

Having the dihydroanthraquinone derivative at hand, we 
subjected i t  to the same cyclization conditions (Zn, ethylene 
glycol-diglyme, CaO, 140 °C) successfully applied to the 4- 
demethoxy compounds. However, contrary to our expecta
tions, the major products that formed were 37 and 38 and only 
traces of 41 (< 1 %) were detected. Treatment of 40 w ith a va
riety of conventional bases (NaH, LDA, t-BuOK, MeONa, 
BaO) in several solvents (DMF, THF, HMPA) w ith zinc dust 
or dithionite failed to yield detectable quantities of 41. As
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Table II. Conditions for the Cyclization of 40

run solvent base
reducing
reagent

reaction 
time, min temp, °C

yield of 19,°
%

1 1,2-propanediol CaO Zn 3 140 1-3
2 2,3-butanediol CaO Zn 3 140 1-3
3 2,2-dimethylpropanediol CaO Zn 3 140 1-3
4 glycerol CaO Zn 3 140 5
5 glyceroMUO (4:1) CaO Zn 3 140 8.4
6 sorbitol (10 equiv)-DMF CaO Zn 3 140 1
7 phenol CaO Zn 3 140 b

a Isolated yields. All reactions were carried out using 50 mg of 40. Major products were different esters of 38, depending on the solvent 
used. b The major product was 4.

transesterification appeared to be a major side reaction and 
the resulting glycolic ester. 38 resisted cyclization, a series of 
more bulky glycols and polyhydroxylic compounds was eval
uated as potential solvents for the ring closure reaction, with 
the hope of minimizing exchange reactions. The experimental 
conditions and results are summarized in Table II. It was 
found that by substituting glycerol-H20  (4:1) for ethylene 
glycol as solvent, 8.4% of 41 was obtained, along with a trace 
of 42.

It was somewhat surprising to find that the presence of the
4-methoxyl group markedly altered the electronic properties 
of 40 as compared to the 4-demethoxy series. One may spec
ulate that the substitution of a methoxyl for hydrogen on an 
aromatic ring raises the energy level of the LUMO as a rule,23 
thereby accelerating the oxidation of the anion, via electron 
transfer. However, it is also possible that the 4-methoxyl group 
may sterically interfere with the proper chelation of the di
valent metal, thus retarding cyclization. It would be inter
esting to distinguish the relative importance of electronic vs. 
steric effects by the substitution of the methoxyl with a methyl 
group.24 This unexpected turn of events forces us to utilize the 
intramolecular Marschalk reaction to bring our synthetic 
strategy into fruition. Thus, the ketal 4 was transformed into 
47 via a five-step reaction sequence involving benzylation 
(PhCH2Br, K2C0 3 -acetone; 99% yield), hydrolysis (8% NaOH, 
dioxane, 90 °C; 92%), reduction (BH3, THF, 25 °C; 79%), de- 
benzylation (H2, Pd-BaS04, ethyl acetate; 90%), and oxida
tion (PCC, CH2CI2, 25 °C; 65%) in 42% overall yield from 4 
(Scheme VI).

Treatment of 47 with basic sodium dithionite at 90 °C fol
lowed by acidification afforded red crystalline tetracyclic 
compound 50, mp 177-178.5 °C, in 55% yield. By analogy to 
the 4-demethoxy series, this cyclization proceeds via the in
termediates 48 and 49. We surmised that this aldol-type 
condensation (48 to 49) requires considerably less activation 
energy than that of the Claisen-type condensation (40 to 41), 
and thus the excess dithionite in aqueous base completely

S c h e m e  V I

4 3 ,  R  =  C H 2P h ; X  =  C 0 2 C H 3

4 4 ,  R  =  C H 2 P h ;  X  = C 0 2 H

4 5 ,  R  =  C H 2 P h ;  X  =  C H 2O H

4 6 ,  R  =  H ;  X  =  C H 2O H

5 0 ,  R ,  =  0 C H 2 C H 2 0 ;  R  =  H

5 1 ,  R ,  =  O ;  R 2 =  H

5 2 ,  R ,  =  O ;  R 2 =  O H

suppressed the back oxidation of 48 to 47. Unfortunately, this 
aqueous basic condition readily cleaved the ester grouping in 
40, so that it is unsuitable for Claisen-type condensation. 
Moreover, dithionite is unstable at the high temperature re
quired for the Claisen-type cyclization. Deketalization of 50
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with 5% H2S0 4  in a mixture of THF-acetone afforded 51, 
whose spectral properties were found to be identical with an 
authentic sample.11' Hydroxylation at C-9 in 51 was achieved 
via a four-step reaction sequence, which has been used for the 
introduction of the C-17 hydroxyl group into steroids.25 This 
involved enol acetylation via continuous distillation of the 
reaction mixture containing 51 and a large excess of p-tolu- 
enesulfonic acid in acetic anhydride at 145 °C seems to favor 
the formation of the thermodynamically more stable A9-13 enol 
ether. After epoxidation with m-chloroperbenzoic acid, the 
epoxy acetate was treated successively with base and acid to 
ensure complete hydrolysis and rearrangement to (±)-7- 
deoxydaunomycinone (52), which was isolated by silica gel 
chromatography in 50% overall yield from 51. As methods for 
the introduction of hydroxyl functions at C-712c>26 and C- 
1412c.26 have already been described, this route formally 
constitutes a regiospecific synthesis of adriamycinone.

Equally important, these modes of base-catalyzed cycli- 
zations will probably prove to be of general utility in other 
regiospecific syntheses of anthracyclinones from anthraqui- 
none derivatives. More direct routes to the preparation of 47 
from islandicin methyl ether are currently being investi
gated.

Experimental Section
M e l t i n g  p o in t s  a r e  u n c o r r e c t e d .  U n le s s  o t h e r w i s e  s t a t e d ,  I R  s p e c t r a  

w e r e  t a k e n  in  C H C I 3  u s i n g  a  P e r k i n - E l m e r  M o d e l  2 5 7  g r a t i n g  s p e c 

t r o p h o t o m e t e r .  ' H  N M R  d a t a  ( C D C I 3 ) w e r e  o b t a i n e d  w i t h  a  V a r i a n  

A s s o c i a t e s  M o d e l  E M  3 9 0 . C h e m i c a l  s h i f t s  a r e  e x p r e s s e d  in  p a r t s  p e r  

m i l l i o n  d o w n f i e l d  f r o m  i n t e r n a l  t e t r a m e t h y l s i l a n e  ( b  =  0 ) . M a s s  

s p e c t r a  w e r e  r e c o r d e d  u s i n g  a n  A E I - M S - 9  d o u b l e  f o c u s i n g  m a s s  

s p e c t r o m e t e r  o r  a  F i n n i g a n  1 0 1 5  s p e c t r o m e t e r  a t  a n  i o n i z i n g  v o l t a g e  

o f  7 0  e V .  A l l  c o m p o u n d s  w h i c h  w e r e  s u b m i t t e d  t o  m a s s  s p e c t r o m e t r i c  

m o l e c u l a r  w e i g h t  d e t e r m i n a t i o n  w e r e  o f  h ig h  p u r i t y  a s  d e t e r m i n e d  

b y  N M R  a n s l y s i s  a n d  T L C .  C a r b o n - h y d r o g e n  a n a l y s e s  w e r e  p e r 

f o r m e d  b y  G a l b r a i t h  L a b o r a t o r i e s ,  K n o x v i l l e ,  T e n n .

T h i n - l a y e r  c h r o m a t o g r a m s  ( T L C )  w e r e  o b t a i n e d  o n  2 5 0  ( im  s i l i c a  

g e l  G  p la t e s .  P r e p a r a t i v e  l a y e r  c h r o m a t o g r a m s  ( P L C )  w e r e  o b t a i n e d  

o n  2 0  X 2 0  X 0 .2 5  c m  s i l i c a  g e l  6 0 F - 2 5 4  p l a t e s  ( E .  M e r c k ) .  C o l u m n  

c h r o m a t o g r a p h y  w a s  p e r f o r m e d  w i t h  s i l i c a  g e l ,  7 0 - 2 7 0  m e s h  A S T M  

( M a c h e r e y  a n d  N a g e l ) .  S o l v e n t  e x t r a c t s  o f  a q u e o u s  s o l u t i o n  w e r e  

d r i e d  o v e r  a n h y d r o u s  M g S 0 4. S o l u t i o n s  w e r e  c o n c e n t r a t e d  u n d e r  

r e d u c e d  p r e s s u r e  u s i n g  a  r o t a r y  e v a p o r a t o r .

2-Methyl-l,4-dihydroxyanthraquinone ( 6 ) .  A  m i x t u r e  o f  1 8 4  

g  ( 1 . 3 8  m o l)  o f  A I C I 3 a n d  3 6  g  ( 0 .6 2  m o l)  o f  N a C l  w a s  a d d e d  t o  a  2 - L  

b e a k e r  a n d  h e a t e d  w i t h  a  B u n s e n  b u r n e r  t o  1 8 0 - 1 9 0  ° C  f o r  s e v e r a l  

m i n u t e s .  T o  t h i s  m e l t  w a s  a d d e d  2 0  g  ( 0 . 1 3 5  m o l)  o f  p h t h a l i c  a n h y 

d r id e  a n d  1 6 . 7  g  ( 0 . 1 3 5  m o l)  o f  m e t h y lh y d r o q u in o n e ,  a n d  t h is  m ix t u r e  

w a s  s t i r r e d  f o r  8  m in  a t  1 8 0 - 1 9 0  ° C .  A f t e r  c o o l in g ,  t h e  r e a c t i o n  w a s  

q u e n c h e d  w i t h  7 5 0  m L  o f  ic e  w a t e r  a n d  c o n c e n t r a t e d  H C 1  ( 1 5 0  m L ) .  

A f t e r  h e a t i n g  t h e  m i x t u r e  f o r  1  h  o n  a  s t e a m  b a t h ,  i t  w a s  e x t r a c t e d  

w i t h  C H C I 3 t h r e e  t i m e s .  T h e  c o m b i n e d  C H C I 3  e x t r a c t  w a s  w a s h e d  

w i t h  5 %  N a H C 0 3 a n d  b r i n e ,  d r i e d ,  a n d  e v a p o r a t e d  t o  d r y n e s s .  T h e  

r e s i d u e  w a s  w a s h e d  w i t h  d r y  m e t h a n o l  a n d  r e c r y s t a l l i z e d  f r o m  

C H C I 3 - C C I 4  t o  a f f o r d  2 7 . 2  g  ( 0 . 1 0 7  m o l ,  7 9 .3 % )  o f  p u r e  6 : m p  1 7 8 - 1 7 9  

° C ;  I R  ( K B r )  1 6 2 8 , 1 5 8 3 , 1 4 6 0 , 1 4 3 4 , 1 3 5 0 , 1 2 7 3 , 1 2 6 0 , 1 2 4 9 , 1 2 1 8 , 7 2 6  

c m “ 1 ; N M R  6 1 3 . 2 1  ( s ,  1  H ) ,  1 2 . 8 3  ( s , 1 H ) ,  8 .2 5  ( m , 2  H ) ,  7 . 7 5  ( m , 2  H ) ,

7 .0 6  ( s , 1  H ) ,  2 .3 0  ( s , 3  H ) ;  M S  m/e (% )  2 5 4  ( 1 0 0 ,  M + ) ,  2 5 3  ( 5 3 ) ,  2 3 9  

( 1 1 ) ,  1 9 7  ( 2 2 ) ,  1 5 2  ( 2 6 ) ,  1 4 1  ( 3 1 ) ,  1 4 0  ( 1 8 ) ,  1 1 5  ( 3 0 ) ,  1 0 5  ( 2 1 ) ,  1 0 2  ( 4 7 ) ,  
7 7  ( 2 9 ) .

A n a l .  C a l c d  f o r  C 1 5 H i 0O 4: C ,  7 0 .8 6 ;  H ,  3 .9 6 .  F o u n d :  C ,  7 0 . 3 3 ;  H ,
4 . 1 3 .

2-Methyl-l,4-dimethoxyanthraquinone ( 7 ) .  A  m i x t u r e  c o n 

t a i n i n g  2 7  g  ( 0 . 1 0 6  m o l)  o f  6 , 9 6 .6  g  ( 1 . 5 5  m o l)  o f  K 2 C O 3 , a n d  3 0  m L  

( 0 . 3 1 6  m o l)  o f  d i m e t h y l  s u l f a t e  in  1 . 2  L  o f  d r y  a c e t o n e  w a s  s t i r r e d  

u n d e r  N o  a t  r e f l u x  f o r  1 5  h . A f t e r  f i l t r a t i o n ,  t h e  f i l t r a t e  w a s  e v a p o r a t e d  

t o  d r y n e s s  u n d e r  r e d u c e d  p r e s s u r e .  T h e  r e s i d u e  ( y e l lo w  s o l i d )  w a s  

w a s h e d  w i t h  m e t h a n o l  t o  r e m o v e  a n y  u n r e a c t e d  d i m e t h y l  s u l f a t e  a n d  

c r y s t a l l i z e d  f r o m  C H C I 3 - C C I 4  t o  g i v e  2 7 . 5  g  ( 0 .0 9 7  m o l ,  9 2 % )  o f  p u r e  

7 :  m p  1 3 2 . 5 - 1 3 3 . 5  ° C ;  I R  ( K B r )  1 6 6 8 , 1 5 9 2 , 1 3 3 0 , 1 2 4 8 , 9 7 5 , 7 3 0  c m - 1 ; 

N M R  6 8 . 1 7  ( m , 2  H ) ,  7 .6 9  ( m , 2  H ) ,  7 .2 0  ( s , 1  H ) ,  4 . 0 1  ( s , 3  H ) ,  3 .8 9  ( s , 

3  H ) ,  2 .4 2  ( s ,  3  H ) ;  M S  m/e (% ) 2 8 2  ( 1 0 0 ,  M+), 2 5 3  ( 4 8 ) ,  1 6 5  ( 6 2 ) ,  1 5 2

( 5 8 ) ,  1 3 9  ( 5 9 ) .  O n  T L C  ( C H C U - a c e t o n e ,  9 8 :2 ) ,  6 a n d  7 p o s s e s s e d  Rf 
v a l u e s  o f  0 .5 5  a n d  0 .3 6 ,  r e s p e c t i v e l y .

A n a l .  C a l c d  f o r  C17H14O4: 7 2 . 3 3 ;  H ,  5 .0 0 .  F o u n d :  C ,  7 1 . 8 6 ;  H ,

4 .9 3 .

2-Bromomethyl-l,4-dimethoxyanthraquinone (8a). A  m i x t u r e  

c o n t a i n i n g  2 5 .6  g  ( 0 .0 9 0 8  m o l)  o f  7, 1 7 . 0  g  ( 0 .0 9 5 5  m o l)  o f  N - b r o -  

m o s u c c i n i m i d e ,  a n d  5 0  m g  o f  b e n z o y l  p e r o x i d e  in  3 . 1  L  o f  c a r b o n  

t e t r a c h lo r id e  w a s  s t i r r e d  u n d e r  N 2  a t  r e f l u x  f o r  2  h . D u r i n g  t h i s  p e r i o d  

t h e  r e a c t i o n  c o n t e n t s  w e r e  i r r a d i a t e d  w i t h  a  s u n l a m p .  A f t e r  c o o l in g ,  

t h e  s u c c i n i m i d e  ( w h i t e  s o l id )  w a s  r e m o v e d  b y  f i l t r a t i o n ,  a n d  t h e  f i l 

t r a t e  w a s  e v a p o r a t e d  u n d e r  r e d u c e d  p r e s s u r e .  C r y s t a l l i z a t i o n  o f  t h e  

r e s i d u e  f r o m  C H C I 3 - C C I 4 g a v e  1 9 . 7  g  ( 0 .0 5 4 6  m o l ,  6 0 % )  o f  8a: m p  

1 8 4 - 1 8 6  ° C ;  I R  ( K B r )  1 6 7 0 , 1 5 9 0 , 1 3 2 3 , 1 2 6 6 , 1 2 4 0 , 1 0 3 8 , 1 0 0 8 ,  9 7 2 ,  

7 3 1  c m “ 1 ; N M R  5 8 . 1 5  ( m , 2  H ) ,  7 .7 0  ( m , 2  H ) ,  7 . 3 8  ( s ,  1  H ) ,  4 . 6 1  ( s ,  2  

H ) ,  4 . 0 1  ( s , 3  H ) .  4 .0 0  (s , 3  H ) ;  M S  m/e (% )  3 6 2  ( 9 8 , M  +  1 ) ,  3 6 0  ( 1 0 0 ) ,  

2 8 1  ( 6 5 ) ,  2 5 2  ( 5 1 ) ,  2 2 3  ( 8 4 ) .

A n a l .  C a l c d  f o r  C 1 7 H i 3 0 4B r :  C ,  5 6 . 5 3 ;  H ,  3 .6 3 .  F o u n d :  C ,  5 6 .4 4 ;  H ,  

3 . 7 1 .

T h e  m o t h e r  l i q u o r  c o n t a in e d  a  m i x t u r e  o f  7,8a, a n d  8b, p o s s e s s i n g  

Rf v a l u e s  o f  0 . 3 6 , 0 . 4 3 ,  a n d  0 .5 4  o n  T L C  ( C H C L - a c e t o n e ,  9 8 :2 ) ,  in  a  

r a t i o  o f  2 : 1 : 3 . 4 ,  r e s p e c t i v e l y .  T h e  d i b r o m i d e  8b w a s  i s o l a t e d  b y  p r e 

p a r a t i v e  T L C  u s i n g  t w o  d e v e l o p m e n t s  in  C H C L - a c e t o n e  ( 9 5 :5 ) .  

C r y s t a l l i z a t i o n  o f  8b f r o m  C H C l 3- h e x a n e  a f f o r d e d  p u r e  8b: m p  

1 7 5 - 1 7 8  ° C ;  I R  ( C H C L i  3 0 1 8 , 2 9 4 0 , 1 6 7 2 , 1 5 9 3 , 1 4 6 2 , 1 3 9 4 , 1 3 1 8 , 1 2 6 6 ,  

1 2 3 7 , 1 0 3 7 , 1 0 0 2 , 9 7 8  c m “ 1 ; N M R  5 8 . 3 - 7 . 1  ( m , 6  H ) ,  4 . 1 0  ( s , 3  H ) ,  4 .0 0  

( s ,  3  H ) ;  M S  m/e (% ) 4 4 2  ( 3 ) ,  4 4 1  ( 4 ) ,  4 4 0  ( 7 )  4 3 9  (6 ) , 4 3 8  ( 5 ) ,  4 3 7  ( 3 ) ,  

3 6 1  ( 6 7 ) ,  3 6 0  ( 5 0 ) ,  3 5 9  ( 7 0 ) ,  3 5 8  ( 3 9 ) ,  2 8 0  ( 2 1 ) ,  2 7 9  ( 5 3 ) ,  2 7 3  ( 2 1 ) ,  2 6 3

( 6 5 ) ,  2 6 2  ( 3 0 ) ,  2 5 1  ( 9 3 ) ,  2 4 3  ( 1 0 0 ) ,  2 4 2  ( 3 8 ) ,  2 3 7  ( 2 0 ) .

A n a l .  C a l c d  f o r  C n H ^ C R B r z :  C ,  4 6 .3 9 ;  H ,  2 .7 5 .  F o u n d :  C ,  4 6 .4 2 ;  H , 

2 .7 8 .
2-(2'-Acetyl-2'-carbethoxymethyl-3'-oxobutyl)-l,4-dimeth- 

oxyanthraquinone (9). T o  a  s u s p e n s i o n  o f  1 . 4  g  ( 0 .0 5 8 5  m o l)  o f  N a H  

( p r e w a s h e d  w i t h  p e n t a n e )  in  1 5 0  m L  o f  d r y  D M F  w a s  a d d e d  d r o p w is e  

t o  1 0 . 8  g  ( 0 .0 5 8 2  m o l)  o f  e t h y l  3 - a c e t v l l e v u l i n a t e  d i s s o l v e d  in  5 0  m L  

o f  D M F  u n d e r  N 2  a t  2 5  ° C .  A f t e r  c o m p l e t i o n  o f  t h e  a d d i t i o n ,  t h e  

m i x t u r e  w a s  h e a t e d  a t  4 0  ° C  u n t i l  h y d r o g e n  e v o l u t i o n  c e a s e d  ( c a . 3 0  

m in ) . A  s o lu t io n  c o n t a in in g  2 0 .6  g  ( 0 .0 5 7 1  m o l)  o f  8a in  5 0  m L  o f  D M F  

w a s  a d d e d  d r o p w i s e  t o  t h i s  s u s p e n s i o n  a t  2 5  ° C ,  a n d  t h e  r e a c t i o n  

m i x t u r e  w a s  s t i r r e d  f o r  1 5  h . T h e  r e a c t i o n  w a s  t e r m i n a t e d  b y  t h e  a d 

d i t i o n  o f  d i lu t e  H C 1  ( 2 0  m L ) ,  a n d  t h e  c o n t e n t s  w e r e  e x t r a c t e d  w i t h  

e t h y l  a c e t a t e  ( 1 5 0  m L  X  4 ) . T h e  c o m b i n e d  e x t r a c t  w a s  s u c c e s s i v e l y  

w a s h e d  w i t h  s a t u r a t e d  N a H C O a  a n d  b r i n e ,  d r i e d ,  a n d  e v a p o r a t e d  t o  

d r y n e s s .  T h e  r e s i d u e  w a s  w a s h e d  w i t h  d r y  m e t h a n o l  a n d  c r y s t a l l i z e d  

f r o m  C H C L - e t h e r  t o  a f f o r d  2 3 . 5  g  ( 0 .0 5 0 4  m o l ,  8 8 % ) o f  p u r e  9: m p  

1 6 3 - 1 6 3 . 5  ° C ;  I R  ( K B r )  1 7 2 4 , 1 7 0 0 , 1 6 7 0 , 1 2 8 1 , 1 2 6 2 , 1 2 4 2 , 1 1 5 7 , 1 0 4 2  

c m ' 1 ; N M R  <5 8 . 1 3  ( m , 2  H ) ,  7 .6 9  ( m , 2  H ) ,  4 .0 7  ( q ,  J =  7 .2  H z ,  2  H ) ,  

3 .9 3  ( s ,  3  H ) ,  3 .7 8  ( s , 3  H ) ,  3 . 5 7  ( s , 2  H ) ,  2 .9 0  (s , 2  H ) ,  2 .2 0  ( s ,  6  H ,  1 . 1 9  

( t ,  J =  7 .2  H z ,  3  H ) ;  M S  m/e (% ) 4 6 2  (8 , M + ) ,  4 2 3  ( 1 5 ) ,  3 9 1  ( 5 1 ) ,  3 7 7

( 5 3 ) ,  4 3  ( 1 0 0 ) .

A n a l .  C a l c d  f o r  C 26H 26O 8'. C ,  6 6 .9 4 ;  H ,  5 .6 2 .  F o u n d :  C ,  6 6 .7 0 ;  H ,

5 .5 7 .

2-(2'-Carboxymethyl-3'-oxobutyl)-l,4-dimethoxyanthraqui- 
none (10). T h e  r e a c t i o n  m i x t u r e  c o n t a i n e d  2 4 .2  g  ( 0 . 0 5 1 9  m o l)  o f  9 
in  7 0  m L  o f  8 %  a q u e o u s  N a O H .  A f t e r  s t i r r i n g  t h e  c o n t e n t s  a t  6 0  ° C  

u n d e r  N 2 f o r  3  h  ( a  s m a l l  a m o u n t  o f  a n  i n s o l u b l e  o i l  w a s  r e m o v e d  b y  

E t j O  e x t r a c t i o n ) ,  t h e  a l k a l i n e  s o lu t io n  w a s  c o o le d  a n d  a c i d i f i e d  w i t h  

H C 1 .  T h e  y e l lo w  s o lu t io n  w a s  s e p a r a t e d  b y  f i l t r a t i o n  a f t e r  s t i r r i n g  f o r  

3 0  m in .  T h e  p r e c i p i t a t e  w a s  c o l le c t e d  b y  f i l t r a t i o n ,  w a s h e d  t w i c e  w i t h  

w a t e r ,  d r ie d ,  a n d  e v a p o r a t e d  t o  d r y n e s s .  T h e  y i e l d  o f  c r u d e  10 w a s  1 8 . 7  

g  ( 0 .0 4 7 2  m o l ,  9 1 % ) .  C r y s t a l l i z a t i o n  o f  10 f r o m  C H C l a - b e n z e n e  g a v e  

m p  2 0 0 - 2 0 1 . 5  ° C ;  I R  ( K B r )  3 3 0 0 - 2 8 0 0  ( b r o a d ) ,  1 7 1 5 , 1 6 6 8 , 1 5 9 2 , 1 3 3 0 ,  

1 2 6 0 ,  1 2 4 3 ,  1 0 3 9  c m “ 1 ; N M R  & 8 .7 3  ( b r ,  1  H ) ,  8 . 2 1  ( m , 2  H ) ,  7 .7 6  (m ,

2  H ) ,  7 . 1 6  ( s , 1  H ) ,  4 .0 3  ( s ,  3  H ) ,  3 .9 7  ( s ,  3  H ) ,  2 . 4 - 3 . 6  ( m , 5  H ) ,  2 . 2 2  ( s ,

3  H ) ;  M S  m/e (% ) 3 9 6  ( 7 4 ) ,  3 5 3  ( 1 0 0 ) ,  2 6 5  ( 4 8 ) , 2 6 3  ( 4 9 ) , 1 6 5  ( 7 5 ) ,  1 5 2

( 5 9 ) ,  1 5 1  ( 5 6 ) ,  4 3  (6 6 ). T h e  r e l a t i v e  m o b i l i t i e s  o f  9  a n d  1 0  o n  T L C  

p la t e s  w e r e  0 . 5 5  a n d  0 .4 9 ,  r e s p e c t i v e l y ,  w h e n  d e v e l o p e d  in  e t h y l  a c e 

t a t e - a c e t i c  a c i d - i s o o c t a n e - w a t e r  ( 1 1 0 : 2 0 : 5 0 : 1 0 0  v / v ) .

A n a l .  C a l c d  f o r  C 2 2 H 20O 7 : C ,  6 6 .6 6 ; H ,  5 .0 9 .  F o u n d :  C ,  6 6 .6 7 ;  H ,
5 . 1 0 .

2-(2'-Carbomethoxymethyl-3'-oxobutyl)-l,4-dimethoxyan-
thraquinone (11). T o  1 8 . 1  g  ( 0 .0 4 5 7  m o l)  o f  10 in  3 0 0  m L  o f  c h l o r o 

f o r m  w a s  a d d e d  a n  e x c e s s  o f  e t h e r e a l  d i a z o m e t h a n e  a t  0  ° C .  A f t e r  

s t i r r i n g  f o r  1  h ,  a  f e w  m i l l i l i t e r s  o f  a c e t i c  a c i d  w e r e  a d d e d  t o  d e s t r o y  

t h e  u n r e a c t e d  d i a z o m e t h a n e .  E v a p o r a t i o n  o f  t h e  s o l v e n t  a n d  c r y s 

t a l l i z a t i o n  o f  t h e  r e s i d u e  f r o m  C H C I 3 - C C I 4 a f f o r d  1 7 . 0  g  ( 0 . 0 4 1 5  m o l ,  

9 1 % )  o f  p u r e  1 1 :  m p  1 2 9 - 1 3 0  ° C ;  I R  ( K B r )  1 7 2 6 , 1 7 0 3  ( s h ) ,  1 6 6 9 , 1 3 2 9 ,  

1 3 1 4 , 1 2 6 0 , 1 2 4 2 , 1 0 3 9  c m - 1 ; N M R  b 8 . 1 9  (m , 2  H ) ,  7 . 7 1  ( m , 2  H ) ,  7 . 1 3  

( s , 1  H ) ,  4 .0 0  ( s ,  3  H ) ,  3 . 9 3  (s , 3  H ) ,  3 . 6 1  ( s , 3  H ) ,  2 . 4 - 3 . 6  ( m , 5  H ) ,  2 . 1 9  

( s , 3  H ) ;  M S  m/e (% ) 4 1 0  ( 7 5 ,  M + ) ,  3 7 9  ( 2 3 ) ,  3 6 7  ( 1 0 0 ) ,  1 6 5  ( 6 7 ) ,  1 5 2

( 4 8 ) ,  4 3  ( 4 5 ) .

A n a l .  C a l c d  f o r  C 9 3H 2 2 O 7 : C ,  6 7 . 3 1 ;  H ,  5 .4 0 .  F o u n d :  C ,  6 7 . 1 4 ;  H ,

5 .4 2 .

2-(2'-Carbomethoxymethyl-3'-oxobutyl)-l,4-dihydroxyan-
thraquinone (12). T o  1 6 . 0  g  ( 0 .0 3 9 0  m o l)  o f  11 d i s s o l v e d  in  2 0 0  m L
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o f  d i c h l o r o m e t h a n e  w a s  a d d e d  d r o p w is e  a  d i c h l o r o m e t h a n e  ( 2 8 2  m L  

o f  0 .5  M  s o l u t i o n )  s o l u t i o n  o f  B B r 3  ( 0 . 1 4 1  m o l)  u n d e r  N 2  a t  —7 8  ° C .  

A f t e r  s t i r r i n g  f o r  7  h  a t  —7 8  ° C ,  a q u e o u s  N a H C 0 3  w a s  a d d e d  a n d  t h e  

c o n t e n t s  w e r e  w a r m e d  u p  t o  r o o m  t e m p e r a t u r e .  T h e  o r g a n ic  l a y e r  w a s  

w a s h e d  w i t h  b r i n e  t h r e e  t i m e s ,  d r i e d ,  a n d  e v a p o r a t e d  t o  d r y n e s s .  T h e  

r e s id u e  w a s  c r y s t a l l iz e d  f r o m  C H C I 3- C C I 4 t o  a f f o r d  1 2 . 7  g  ( 0 .0 3 3 2  m o l, 

8 5 % )  o f  p u r e  1 2 :  m p  1 7 0 - 1 8 0  ° C ;  I R  ( K B r )  1 7 3 0 ,  1 7 0 3 ,  1 6 2 5 ,  1 5 8 8 ,  

1 4 5 0 , 1 4 3 3 , 1 4 1 0 , 1 3 6 5 , 1 3 0 8 , 1 2 6 0 , 1 2 4 0 , 1 2 2 5 , 1 2 0 5 , 7 9 0  c m " 1 ; N M R  

b 1 3 . 3 6  ( s ,  1  H ) ,  1 2 . 8 1  ( s , 1  H ) ,  8 .3 4  ( m , 2  H ) ,  7 .8 2  ( m , 2  H ) ,  7 . 1 1  ( s ,  1  

H ) ,  3 .6 2  ( s ,  3  H ) ,  2 . 4 - 3 . 6  ( m , 5  H ) ,  2 .2 8  ( s ,  3  H ) ;  M S  m /e  (% ) 3 8 2  (8 , 

M + ) ,  3 6 4  ( 4 2 ) ,  2 7 9  ( 5 7 ) ,  1 8 7  ( 1 0 0 ) ,  4 3  ( 6 0 ) . T h e  r e l a t i v e  m o b i l i t i e s  o f

I I  a n d  1 2  o n  T L C  p l a t e s  w e r e  0 . 1 3  a n d  0 .3 4 ,  r e s p e c t i v e l y ,  in  

C H C l 3 - a c e t o n e  ( 9 8 :2 ) .  T h e  m o n o m e t h y l  e t h e r  h a d  a n  Rf v a l u e  o f

0.22.
A n a l .  C a l c d  f o r  C 2 1 H 1 8 O 7 : C ,  6 5 .9 6 ;  H ,  4 . 7 5 .  F o u n d :  C ,  6 5 .3 9 ;  H ,  

4 .9 6 .

2-(2'-Carbomethoxymethyl-3'-ethylenedioxybutyl)-l,4-di- 
hydroxyanthraquinone (5). A  m i x t u r e  c o n s i s t i n g  o f  1 2 . 0  g  ( 0 . 0 3 1 4  

m o l)  o f  12, 2 5  m L  o f  e t h y l e n e  g l y c o l ,  1 7 0  m L  o f  b e n z e n e ,  a n d  3 0  m g  

o f  p - t o l u e n e s u l f o n i c  a c i d  w a s  s t i r r e d  a t  r e f l u x ;  w a t e r  w a s  c o l l e c t e d  

w i t h  a  D e a n - S t a r k  c o n d e n s e r .  A f t e r  1 6  h ,  t h e  m i x t u r e  w a s  c o o le d ,  

d i lu t e d  w i t h  5 %  N a H C 0 3 , a n d  e x t r a c t e d  w i t h  e t h y l  a c e t a t e  t h r e e  

t i m e s .  T h e  c o m b i n e d  e x t r a c t s  w e r e  w a s h e d  w i t h  b r i n e ,  d r i e d ,  a n d  

e v a p o r a t e d  t o  d r y n e s s .  T h e  r e s i d u e  ( 1 4 . 5  g )  w a s  c h r o m a t o g r a p h e d  o v e r  

4 5 0  g  o f  s i l i c a  g e l .  E l u t i o n  o f  t h e  c o l u m n  w i t h  C H C l 3- E t O A C  ( 9 5 :5 )  

g a v e  1 1 . 4  g  ( 0 .0 2 6 8  m o l ,  8 5 % )  o f  p u r e  5: m p  1 4 0 . 5 - 1 4 1  ° C  ( C H C I 3 -  

C C 1 4) ; I R  ( K B r )  1 7 2 9 , 1 6 2 5 , 1 5 8 7 , 1 4 3 2 , 1 2 6 7 , 1 2 3 2 , 1 0 5 2 ,  7 9 2  c m - 1 ; 

N M R  5 1 3 . 3 8  ( s , 1  H ) ,  1 2 . 8 6  ( s , 1  H ) ,  8 . 3 1  ( m , 2  H ) ,  7 .7 8  ( m , 2  H ) ,  7 . 1 6  

(s , 1  H ) ,  3 .9 6  ( s ,  4  H ) ,  2 . 0 - 3 . 3  ( m , 5  H ) ,  1 . 3 9  ( s ,  3  H ) ;  M S  m /e  (% )  4 2 6  

( 3 ,  M + ), 3 9 5  ( 3 ) ,  3 6 4  ( 2 3 ) ,  8 6  ( 5 2 ) ,  8 7  ( 1 0 0 ) .  T h e  m o b i l i t y  o f  13 o n  T L C  

p l a t e s  w a s  0 .2 6  w h e n  d e v e l o p e d  w i t h  C H C L - a c e t o n e  ( 9 8 :2 ) .

A n a l .  C a l c d  f o r  C 2 3 H 2 2 O 8 : C ,  6 4 .7 8 ;  H ,  5 .2 0 .  F o u n d :  C ,  6 4 .9 7 ;  H ,

5 . 2 1 .

Zinc Reduction of 5. T o  1 . 0 1  g  ( 2 .3 7  m m o l)  o f  5 in  4 0  m L  o f  g l a c i a l  

a c e t ic  a c id  w a s  a d d e d  1 . 0 0  g  ( 1 5 . 3  m m o l)  o f  z in c  d u s t ,  a n d  t h e  r e a c t io n  

m ix t u r e  w a s  s t i r r e d  u n d e r  N 2 f o r  3 0  m in  a t  2 5  ° C .  A f t e r  d i lu t io n  o f  th e  

c o n t e n t s  w i t h  5 %  N a H C 0 3 , t h e  m i x t u r e  w a s  e x t r a c t e d  w i t h  C H C I 3 

t h r e e  t i m e s .  T h e  c o m b i n e d  e x t r a c t  w a s  w a s h e d  s u c c e s s i v e l y  w i t h  5 %  

N a H C O s  a n d  b r i n e ,  d r ie d ,  a n d  e v a p o r a t e d  t o  a f f o r d  0 .9 2  g  ( 2 . 1 4  m m o l, 

9 1 % )  o f  t h e  y e l lo w  d i h y d r o a n t h r a q u i n o n e  1 3 :  N M R  b 1 3 . 5 3  ( s ,  1  H ) ,

1 3 . 5 0  (s , 1  H ) ,  8 .4 4  ( m , 2  H ) ,  7 .6 9  ( m , 2  H ) ,  3 .9 2  ( b r  s ,  4  H ) ,  3 .6 6  ( s ,  3  

H ) ,  1 . 2 9  ( s ,  3  H ) ;  M S  m /e  (% )  4 2 8  ( 1 . 8 ,  M + ) ,  3 6 6  (8 ) , 3 5 1  ( 5 ) ,  2 5 4  ( 2 3 ) ,

I I I  ( 1 8 ) ,  8 7  ( 1 0 0 ) .  O n  T L C  p la t e s ,  1 3  p o s s e s s e d  a n  R/ v a l u e  o f  0 .3 5 ,  

w h e r e a s  5  h a d  a n  Rf v a l u e  o f  0 .3 2  w h e n  t h e  p l a t e s  w e r e  d e v e l o p e d  in  

C H C l 3 - a c e t o n e  ( 9 5 :5 ) .  C o m p o u n d  1 3  w a s  t o o  u n s t a b l e  t o  a l l o w  C ,  H  

a n a l y s i s .

9-(l'-Ethylenedioxyethyl)-7,8,9,10-tetrahydro-6,l 1-dihy
droxy-5,7,12-naphthacenetrione (15). (a) Condition 6 . T o  9 3  m g

( 0 . 2 1  m m o l)  o f  1 8  in  3  m L  o f  D M F  w a s  a d d e d  1 6  m g  ( 0 .2 4  m m o l)  o f  

z in c  d u s t  a n d 3 0 0  m g  ( 1 . 9 5  m m o l)  o f  B a O  a t  —7 8  ° C .  A f t e r  r e p e a t e d  

f l u s h i n g  o f  t h e  s y s t e m  w i t h  N 2  t o  r e m o v e  o x y g e n ,  t h e  m i x t u r e  w a s  

h e a t e d  f o r  2 5  m i n  a t  1 4 0  ° C .  T h e  r e a c t i o n  w a s  q u e n c h e d  b y  t h e  a d 

d i t i o n  o f  d i lu t e  H C 1  a t  0  ° C ,  a n d  t h e  r e s u l t i n g  m i x t u r e  w a s  e x h a u s 

t i v e l y  e x t r a c t e d  w i t h  C H C 1 3 . T h e  c o m b in e d  e x t r a c t  w a s  w a s h e d  w i t h  

b r i n e ,  d r i e d ,  a n d  e v a p o r a t e d  t o  d r y n e s s .  T h e  r e s i d u e  w a s  s u b j e c t e d  

t o  p r e p a r a t i v e  T L C  ( C H C l 3- a c e t o n e ,  9 5 : 5 ) .  F o u r  c o lo r e d  b a n d s  w e r e  

n o t e d :  b r o w n i s h  r e d  b a n d  {Rf 0 .2 5 ) ;  o r a n g e  a n d  y e l lo w  b a n d s  {Rf 0 .3 2 ) ;  

a n d  p i n k - r e d  b a n d  {Rf 0 .5 2 ) .  E l u t i o n  o f  t h e  b r o w n i s h  r e d  b a n d  a f 

f o r d e d  1 6  m g  o f  1 5  ( 2 0 % ) : m p  1 8 5 - 1 8 7  ° C  ( C H C l 3 - E t O A c ) ;  I R  1 6 9 0 ,  

1 6 6 9 ,  1 6 3 0 ,  1 5 8 6 ,  1 4 0 5 , 1 2 3 5 , 1 2 1 0 , 1 0 4 8 ,  7 3 4  c m “ 1 ; N M R  6 1 3 . 9 7  (s ,

1  H ) ,  1 3 . 1 7  ( s , 1  H ) ,  8 .2 8  ( m , 2  H ) ,  7 .8 0  ( m , 2  H ) ,  4 .0 0  ( s ,  4  H ) ,  2 . 3 - 3 . 7  

( m , 5  H ) ,  1 . 3 8  ( s , 3  H ) ;  M S  m /e  (% ) 3 9 4  ( 2 ,  M + ) ,  3 9 2  ( 2 4 ) ,  3 7 7  ( 4 3 ) ,  8 7  

( 1 0 0 ) ,  4 3  ( 5 2 ) .
A n a l .  C a l c d  f o r  C 2 2 H 1 8 O 7 : C ,  6 7 .0 0 ;  H ,  4 .6 0 .  F o u n d :  C ,  6 6 .8 5 ;  H ,

4 .6 2 .
E l u t i o n  o f  t h e  p i n k - r e d  b a n d  g a v e  1 2  m g  ( 1 4 % )  o f  16: m p  2 3 1 - 2 3 3  

° C  ( C H C l a - h e x a n e ) ;  I R  1 5 9 5 ,  1 4 6 5 ,  1 2 6 0 ,  1 0 4 5  c m “ 1 ; N M R  b 1 3 . 3 5  

( s ,  1  H ) ,  1 2 . 2 5  ( s , 1  H ) ,  1 0 . 3 7  ( s ,  1  H ) ,  8 .4 8  ( m , 2  H ) ,  8 . 1 0  ( d , 1  H ,  J =
1 . 6  H z ) ,  7 .8 0  ( m , 2  H ) ,  7 .4 4  ( d , 1  H ,  J =  1 . 6  H z ) ,  4 . 1 0  ( m , 2  H ) ,  3 .8 5  (m ,

2  H ) ,  1 . 7 2  ( s , 3  H ) ;  M S  m / e  (% ) 3 9 2  (8 , M + ) ,  3 7 7  ( 2 0 ) ,  8 7  ( 4 0 ) , 4 1  ( 1 0 0 ) ;  

m o l e c u l a r  io n  a t  m /e  3 9 2 .0 8 7 5  ( t h e o r y  f o r  C 2 2 H 1 6 O 7 , 3 9 2 .0 8 9 4 .

T h e  o r a n g e  a n d  y e l lo w  b a n d s  c o n s i s t e d  o f  a  m i x t u r e  o f  1 3  a n d  5  a s  

i n d i c a t e d  b y  t h e  N M R  s p e c t r u m  o f  t h e  e l u a t e ,  w h i c h  t o t a l e d  1 0  

m g .
(b) Condition 15. T o  3 0  m g  ( 0 .0 7  m m o l)  o f  18 in  0 .6  m L  o f  e t h y le n e  

g l y c o l  a n d  0 .4  m L  o f  d i g l y m e  w a s  a d d e d  1 3 . 7  m g  ( 0 . 2 1  m m o l)  o f  z in c  

d u s t  a n d  3 1 . 4  m g  ( 0 .5 6  m m o l)  o f  C a O  a t  - 7 8  ° C  ( t o  m i n i m i z e  e s t e r  

e x c h a n g e ) .  A f t e r  r e p e a t e d  f l u s h i n g  o f  t h e  s y s t e m  w i t h  N 2  t o  r e m o v e  

t h e  l a s t  t r a c e  o f  o x y g e n ,  t h e  m i x t u r e  w a s  h e a t e d  f o r  3  m i n  a t  1 4 0 °  C .  

T h e  r e a c t i o n  w a s  q u e n c h e d  b y  t h e  a d d i t i o n  o f  d i lu t e  H C 1  a t  0  ° C ,  a n d

t h e  r e s u l t i n g  m i x t u r e  w a s  e x h a u s t i v e l y  e x t r a c t e d  w i t h  C H C I 3 . T h e  

c o m b i n e d  e x t r a c t  w a s  w a s h e d  w i t h  b r i n e ,  d r i e d ,  a n d  e v a p o r a t e d  t o  

d r y n e s s .  T L C  a n a l y s i s  ( C H C l 3 - a c e t o n e ,  9 5 :5 )  o f  t h e  r e s i d u e  r e v e a le d  

t h e  p r e s e n c e  o f  t h r e e  c o m p o n e n t s  w i t h  r e l a t i v e  m o b i l i t i e s  o f  0 .2 5  

( b r o w n is h  r e d )  (15), 0 . 1  ( o r a n g e - r e d )  (5b), a n d  0 .0 0  ( o r a n g e - r e d )  (5a). 
P L C  o f  t h i s  m i x t u r e  ( C H C l 3- a c e t o n e ,  9 5 : 5 )  a f f o r d e d  1 5  m g  ( 5 4 % )  o f

15. I n i t i a l l y ,  t h e  b o t t o m  b a n d  w a s  c o m p o s e d  m a i n l y  o f  18 a n d  19, a s  

e v id e n c e d  b y  a  c h a r a c t e r i s t i c  b r i g h t  b lu e  f lu o r e s c e n c e  u n d e r  lo n g  w a v e  

u l t r a v i o l e t  l i g h t ,  w h i c h  u p o n  s t a n d i n g  u n d e r w e n t  a e r i a l  o x i d a t i o n  t o  

5a a n d  5b, r e s p e c t i v e l y .  A s  a  r u l e ,  t h e  Rf v a l u e s  o f  t h e  le u c o  f o r m s  a r e  

v e r y  s im i la r  t o  t h e i r  o x id iz e d  f o r m s .  T h e  b o t t o m  r e d  b a n d  ( 1 0  m g )  w a s  

f u r t h e r  p u r i f i e d  a f t e r  e lu t io n  a n d  d e v e l o p e d  in  C H C l 3 - M e O H  ( 9 5 :5 ) ,  

w h i c h  g a v e  3  m g  o f  5a [R /  0 .2 ;  m p  1 9 8 - 1 9 9  ° C  ( C H C l 3 - a c e t o n e ) ;  I R  

1 7 2 0 , 1 6 2 4 , 1 5 8 9 , 1 4 3 0 , 1 2 6 6 , 1 2 0 4  c m “ 1 ; N M R  b 1 3 . 5 5  ( s ,  1  H ) ,  1 2 . 8 1  

( b r  s ,  1  H ) ,  8 . 3 1  ( m , 2  H ) ,  7 . 7 8  ( m , 2  H ) ,  7 . 1 4  ( s ,  1  H ) ,  3 .9 4  ( s ,  4  H ) ,

3 . 3 - 1 . 8  ( m , 5  H ) ,  1 . 3 7  ( s ,  3  H ) ;  M S  m /e  (% )  4 1 2  ( 7 ,  M + ) ,  3 9 4  ( 2 2 ) , 3 5 0

( 4 8 ) , 3 4 9  ( 2 3 ) ,  3 0 7  ( 1 7 ) ,  3 0 5  ( 1 6 ) ,  3 0 4  ( 1 9 ) ,  2 8 0  ( 2 0 ) ,  2 7 9  ( 4 3 ) ,  2 7 8  ( 1 7 ) ,  

2 6 2  ( 1 5 ) ,  2 5 3  ( 3 5 ) ,  2 2 5  ( 1 9 ) ,  1 8 7  ( 1 3 ) ,  8 7  ( 2 8 ) ,  8 6  ( 2 1 ) ,  4 3  ( 1 0 0 ) ]  a n d  3  

m g  o f  5b [Rf 0 .4 ;  I R  3 5 0 0 ,  2 9 5 0 ,  1 7 3 0 ,  1 6 2 4 ,  1 5 8 9 ,  1 4 3 0 ,  1 4 1 0 ,  1 3 3 9 ,  

1 2 6 6 , 1 2 3 3 , 1 2 0 5 , 1 0 4 5 , 9 5 1  c m " 1 ; N M R  6 1 3 . 3 5  ( s ,  1  H ) ,  1 2 . 8 4  ( s ,  1  H ) ,

8 .2 8  ( m , 2  H ) ,  7 .7 8  ( m , 2  H ) ,  7 . 1 4  ( s ,  1  H ) ,  4 . 1 1  ( m , 2  H ) ,  3 .9 8  ( s ,  4  H ) ,

3 .7 2  ( m , 2  H ) ,  3 . 3 - 1 . 8  (m , 5  H ) ,  1 . 4 5  ( s ,  3  H ) ;  M S  m /e  (% ) 4 5 6  ( 3 ,  M + ) ,  

4 5 5  ( 2 ) ,  3 9 5  ( 1 7 ) ,  3 9 4  ( 4 0 ) , 3 9 3  ( 1 8 ) ,  3 5 1  ( 1 0 ) ,  3 5 0  ( 1 2 ) ,  3 0 5  ( 2 4 ) ,  3 0 4

( 3 6 ) ,  2 7 9  ( 3 4 ) ,  2 5 3  ( 2 4 ) ,  2 2 5  ( 1 6 ) ,  8 7  ( 1 0 0 ) ,  8 6  ( 4 7 ) ,  4 3  ( 9 1 ) ] .

2-(2'-Carbomethoxymethyl-3'-ethylenedioxybutyl)-l,4-di- 
benzyloxyanthraquinone (20). A  m i x t u r e  c o n s i s t i n g  o f  1 . 0  g  ( 2 .3 5  

m m o l)  o f  5 ,  3 . 1  g  ( 2 2 .4  m m o l)  o f  a n h y d r o u s  K 2 C O 3 , a n d  2 .0  g  ( 1 2  

m m o l)  o f  b e n z y l  b r o m i d e  in  6 0  m L  o f  a c e t o n e  w a s  r e f l u x e d  u n d e r  N 2 

f o r  1 6  h . A f t e r  f i l t r a t i o n ,  t h e  f i l t r a t e  w a s  e v a p o r a t e d  t o  y i e l d  a  y e l lo w  

s o l i d .  A f t e r  w a s h i n g  w i t h  m e t h a n o l ,  c r y s t a l l i z a t i o n  f r o m  C H C I 3-  

M e O H  a f f o r d e d  1 . 2 9  g  ( 2 . 1 3  m m o l ,  9 1 % )  o f  p u r e  20: m p  1 2 0 - 1 2 2  ° C ;  

I R  1 7 3 0 , 1 6 7 0 , 1 5 9 7 , 1 5 8 2 , 1 3 2 6 , 1 2 6 0 , 1 2 3 5 , 1 2 0 5  c m “ 1 ; N M R  b 8 .4 - 7 .0  

(m , 1 5  H ) ,  5 .3 0  (s , 2  H ) ,  5 . 0 1  (s , 2  H ) ,  3 .9 0  (m , 4  H ) ,  3 .4 8  (s , 3  H ) ,  3 . 2 - 1 . 5  

( m , 5  H ) ,  1 . 2 1  ( s , 3  H ) ;  M S  m /e  (% ) 4 7 1  ( 7 , M  -  1 0 7 ) ,  1 0 5  ( 3 ) ,  9 1  ( 1 0 0 ) ,  

9 0  ( 5 1 ) ,  8 9  ( 1 1 ) ,  6 5  ( 4 ) ,  4 3  ( 5 ) .

A n a l .  C a l c d  f o r  C 3 7 H 3 4 0 8: C ,  7 3 . 2 5 ;  H ,  5 .6 5 .  F o u n d :  C ,  7 3 . 4 1 ;  H ,

5 .8 0 .

2-(2'-Carboxymethyl-3'-ethylenedioxybutyl)-l,4-dibenzylox- 
yanthranthraquinone (21). A  m ix t u r e  c o n t a in in g  1 . 2 5  g  ( 2 .0 6  m m o l)  

o f  20 in  1 0  m L  o f  8 %  a q u e o u s  N a O H  a n d  4  m L  o f  p - d i o x a n e  w a s  

s t i r r e d  u n d e r  N 2  a t  9 0  ° C  f o r  2  h . A f t e r  c o o l in g ,  d i lu t e  H C 1  w a s  a d d e d  

a n d  t h e  r e s u l t i n g  s o lu t io n  w a s  e x t r a c t e d  w i t h  C H C 1 3 t h r e e  t i m e s .  T h e  

c o m b i n e d  e x t r a c t  w a s  w a s h e d  w i t h  b r i n e ,  d r i e d ,  a n d  e v a p o r a t e d  t o  

g i v e  1 . 1 2  g  ( 1 . 8 9  m m o l ,  9 2 % )  o f  21: I R  3 3 0 0 - 2 5 0 0 ,  1 7 0 5 ,  1 6 6 7 ,  1 5 9 5 ,  

1 5 8 3 , 1 3 2 2 , 1 2 5 8 , 1 2 3 5 , 1 2 0 4 , 1 0 3 9  c m “ 1 ; N M R  6 8 . 1 8  ( m , 2  H ) ,  7 . 9 - 7 . 0  

(m , 1 3  H ) ,  5 .2 5  (s , 2  H ) ,  4 .9 7  ( b r  s , 2  H ) ,  3 .7 8  ( m , 4  H ) ,  3 . 2 - 1 . 6  (m , 5  H ) ,

1 . 1 5  ( s ,  3  H ) ;  M S  m /e  (% )  5 7 5  ( 1 . 2 ,  M  -  1 7 ) ,  5 7 4  ( 0 .5 ,  M  -  1 8 ) ,  5 0 2  (4 ) , 

4 8 6  (6 ) , 4 8 5  ( 5 ) ,  4 4 0  ( 5 ) ,  3 9 4  ( 1 0 ) ,  2 7 9  ( 1 2 ) ,  1 0 5  ( 1 4 ) ,  9 1  ( 7 7 ) ,  9 0  ( 3 2 ) ,  

8 7  ( 1 0 0 ) .

2-[2'-(2-Hy droxy ethyl) -3' -ethylenedioxybutyl] -1,4-diben- 
zyloxyanthraquinone (22). T o  1 . 0 2  g  ( 1 . 7 2  m m o l)  o f  21 in  5  m L  o f  

T H F  w a s  a d d e d  d r o p w i s e  3 .4  m L  ( 3 .4  m m o l)  o f  a  T H F  s o l u t i o n  o f  

b o r a n e  ( 1  M )  a t  r o o m  t e m p e r a t u r e .  A f t e r  s t i r r i n g  f o r  1  h , 3  m L  o f  

e t h a n o l  w a s  a d d e d  a n d  t h e  r e s u l t i n g  m i x t u r e  w a s  e v a p o r a t e d .  C h r o 

m a t o g r a p h y  o f  t h e  r e s i d u e  o n  3 0  g  o f  s i l i c a  g e l  e lu t in g  t h e  c o lu m n  w it h  

C H C l 3- M e O H  ( 9 9 : 1 )  g a v e  6 7 1  m g  (6 8 % ) o f  22: I R  3 0 5 0 ,  2 9 5 0 ,  2 8 8 0 , 

1 6 6 7 , 1 5 9 3 , 1 5 8 0 , 1 3 2 1 , 1 2 5 9 . 1 2 3 2 , 1 2 0 3  c m “ 1 ; N M R  5 8 .2 0  ( m , 2  H ) ,

7 . 9 - 7 . 1  ( m , 1 3  H ) ,  5 . 3 0  ( b r  s ,  2  H ) ,  4 .9 7  ( b r  s ,  2  H ) ,  3 . 8 1  ( m , 4  H ) ,  3 . 3 0  

( m , 2  H ) ,  3 .0 2  ( m , 1  H ) ,  2 . 7 - 1 . 3  ( m , 4  H ) ,  1 . 2 5  ( s ,  3  H ) ;  M S  m /e  (%) 4 7 0  

( 1 ,  M +  -  1 8 0 ) ,  4 6 9  ( 1 ) ,  4 3 2  ( 7 ) ,  4 3 1  (6 ) , 4 2 5  ( 1 0 ) ,  4 2 4  (8 ) , 3 4 2  ( 5 ) ,  3 3 5

( 5 ) ,  3 2 5  ( 5 ) ,  1 7 3  ( 5 ) ,  1 0 5  ( 1 6 ) ,  9 2  ( 1 8 ) ,  9 1  ( 1 0 0 ) ,  9 0  ( 4 3 ) ,  8 7  ( 3 0 ) ,  8 6

(1 2 ).
2-[2'-(2-Hydroxyethyl)-3'-ethylenedioxybutyl]-l,4-dihydrox- 

yanthraquinone (23). T o  a  s u s p e n s i o n  o f  4 2 7  m g  o f  5 %  P d - B a S C L  

in  5  m L  o f  e t h y l  a c e t a t e  ( p r e s a t u r a t e d  w i t h  H 2 ) w a s  a d d e d  a  s o lu t io n  

o f  4 2 7  m g  ( 0 .7 3 9  m m o l)  o f  22 d i s s o l v e d  in  3  m L  o f  e t h y l  a c e t a t e .  T h e  

m i x t u r e  w a s  s t i r r e d  u n d e r  h y d r o g e n  a t  2 5  ° C  f o r  1  h , a n d  t h e  c o n t e n t s  

w e r e  t h e n  f i l t e r e d  t h r o u g h  C e l i t e .  T h e  s o l v e n t  w a s  e v a p o r a t e d  t o  

d r y n e s s ,  a n d  t h e  r e s i d u e  w a s  c h r o m a t o g r a p h e d  o v e r  1 5  g  o f  s i l i c a  g e l. 

E l u t i o n  o f  t h e  c o l u m n  w i t h  C H C l 3- M e O H  ( 9 9 : 1 )  a f f o r d e d  2 5 8  m g  

( 8 7 % )  o f  23: I R  3 4 8 0 ,  2 9 9 0 ,  2 9 4 0 ,  2 8 8 0 , 1 6 4 1 ,  1 5 8 6 ,  1 4 1 0 , 1 3 4 0 ,  1 2 6 5 ,  

1 2 3 2 , 1 2 0 1  c m “ 1 ; N M R  b 1 3 . 4 6  ( b r  s ,  1  H ) ,  1 2 . 8 7  ( b r  s ,  1  H ) ,  8 .2 8  (m , 

2  H ) ,  7 .7 8  ( m , 2  H ) ,  7 . 1 5  ( s ,  1 H ) ,  3 .8 9  ( s ,  4  H ) ,  3 . 6 1  ( m , 2  H ) ,  3 .0 9  ( d d , 

J i  =  1 2 . 3  H z ,  J 2 =  4 .2  H z , 1  H ) ,  2 . 7 - 1 . 6  (m , 4  H ) ,  1 . 4 0  ( s , 3  H ) ;  M S  m /e  
(% )  3 9 8  ( 0 .4 , M + ) ,  3 3 6  ( 1 0 ) ,  3 1 8  ( 4 ) ,  3 0 4  ( 4 ) ,  2 9 1  ( 3 ) ,  2 5 4  ( 4 ) ,  8 7  ( 1 0 0 ) ,  

8 6  ( 3 9 ) ,  4 3  ( 2 3 ) ;  m o l e c u l a r  io n  a t  m /e  3 9 8 . 1 3 8 4  ( t h e o r y  f o r  C 2 2 H 2 2 O 7 , 

3 9 8 . 1 3 6 3 ) .
2-(2'-Formylmethyl-3'-ethylenedioxybutyl)-l,4-dihydrox- 

yanthraquinone (24). T o  6 0  m g  ( 0 .2 8  m m o l)  o f  p y r i d i n i u m  c h lo r o -  

c h r o m a t e  s u s p e n d e d  in  3  m L  o f  C H 2C I 2  w a s  a d d e d  d r o p w is e  a  s o lu t io n
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o f  2 3  ( 5 3  m g ,  0 . 1 3  m m o l)  in  2  m L  o f  C H 2 C I 2  a t  r o o m  t e m p e r a t u r e .  

A f t e r  s t i r r i n g  f o r  1  h , 2 5  m L  o f  d r y  e t h e r  w a s  a d d e d  a n d  t h e  r e s u l t i n g  

m i x t u r e  w a s  f i l t e r e d  t h r o u g h  C e l i t e .  T h e  f i l t r a t e  w a s  w a s h e d  w i t h  5 %  

N a H C 0 3  a n d  b r i n e ,  d r i e d ,  a n d  e v a p o r a t e d  t o  d r y n e s s .  P r e p a r a t i v e  

T L C  ( C H C l 3 - a c e t o n e ,  9 5 :5 )  a f f o r d e d  3 4  m g  (6 6 % ) o f  2 4 :  I R  2 9 8 0 , 1 7 2 9 ,  

1 6 2 2 , 1 5 8 9 , 1 4 4 5 , 1 4 3 0 , 1 3 7 1 , 1 2 6 5  ( s h ) ,  1 2 4 5 , 1 2 0 4 , 1 0 3 9  c m “ 1 ; N M R  

b 1 3 . 4 1  ( s ,  1  H ) ,  1 2 . 8 8  ( s , 1  H ) ,  9 .5 3  ( m , 1  H ) ,  8 . 3 1  ( m , 2  H ) ,  7 . 8 3  ( m , 2  

H ) ,  7 . 1 4  ( s ,  1  H ) ,  3 .9 4  ( s , 4  H ) ,  1 . 4 4  ( s ,  3  H ) ;  M S  m / e  (% )  3 9 6  ( 2 ,  M + ) ,  

3 3 4  ( 3 ) ,  3 0 5  (6 ) , 2 5 3  ( 2 ) ,  2 2 5  ( 2 ) ,  1 4 9  ( 1 1 ) ,  8 7  ( 1 0 0 ) ,  4 3  ( 5 5 ) ;  m o l e c u l a r  

io n  a t  m /e  3 9 6 . 1 2 1 7  ( t h e o r y  f o r  C 2 2 H 20O 7 , 3 9 6 . 1 2 0 7 ) .

Zinc Reduction of 2 4 . A  m i x t u r e  c o n t a in in g  1 7 . 3  m g  ( 0 .0 4 3 6  m m o l)  

o f  2 4 , 1 7  m g  ( 0 .2 6  m m o l)  o f  z in c  d u s t ,  a n d  1  m L  o f  g l a c i a l  a c e t i c  a c id  

w a s  s t i r r e d  u n d e r  N 2  a t  2 5  ° C .  A f t e r  3 0  m in ,  5 %  N a H C 0 3 w a s  a d d e d  

a n d  t h e  r e s u l t i n g  s o lu t io n  w a s  e x t r a c t e d  w i t h  C H C I 3  t h r e e  t i m e s .  T h e  

c o m b i n e d  e x t r a c t  w a s  w a s h e d  s u c c e s s i v e l y  w i t h  5 %  N a H C 0 3 a n d  

b r i n e ,  d r i e d ,  a n d  e v a p o r a t e d  t o  g i v e  1 6 . 4  m g  ( 0 . 0 4 1 2  m m o l ,  9 4 % )  o f  

c r u d e  2 5 .  T h i s  c r u d e  m a t e r i a l ,  c o n s i s t i n g  o f  t w o  p r o d u c t s ,  w a s  s e p a 

r a t e d  b y  P L C  ( C H C l 3 - a c e t o n e ,  9 5 : 5 ) .  T h e  m o r e  p o l a r  b a n d  w a s  t h e  

p r e d o m in a n t  p r o d u c t  a n d  e x h i b i t e d  t h e  f o l lo w in g  s p e c t r a l  p r o p e r t i e s :  

N M R  b 1 3 . 5 8  ( s ,  1  H ) ,  8 .4 6  ( m , 2  H ) ,  7 .7 6  ( m , 2  H ) ,  3 .9 8  ( s ,  4  H ) ,  1 . 3 3  

( s ,  3  H ) ;  M S  m /e  (% )  3 9 8  ( 3 ,  M + ) ,  3 9 0  ( 1 1 ) ,  3 6 5  ( 4 ) ,  3 3 6  ( 5 ) ,  3 1 8  ( 1 3 ) ,  

2 9 3  (9 ) , 2 7 5  ( 7 ) ,  2 5 4  ( 2 0 ) ,  8 7  ( 1 0 0 ) ,  8 6  (6 4 ) . T h e  le s s  p o l a r  b a n d  s h o w e d  

t h e  f o l l o w i n g :  N M R  < 5 13 .5 0  ( s ,  1  H ) ,  8 .4 3  ( m , 2  H ) ,  7 . 7 4  ( m , 2  H ) ,  4 . 0 1  

( s , 4  H ) ,  1 . 3 1  ( s , 3  H ) ;  M S  m /e  (% ) 3 9 8  (9 , M + ), 3 8 0  ( 3 ) ,  3 6 5  ( 1 ) ,  3 3 6  (8 ), 

3 1 8  ( 3 ) ,  2 9 3  (6 ) , 2 7 5  ( 2 ) ,  2 5 4  ( 4 6 ) , 8 7  ( 1 0 0 ) .

8-(l'-Ethylencdioxyethyl)-7,8,9,10-tetrahydro-6,ll-dihy- 
droxy-5,12-naphthacenedione (27). A. T o  a  m i x t u r e  o f  1 2 . 1  m g  

( 0 .0 3 0 4  m m o l)  o f  25,0 .4  m L  o f  e t h y l e n e  g ly c o l ,  a n d  0 .3  m L  o f  d i g ly m e  

w a s  a d d e d  5 .0  m g  ( 0 .0 7 6  m m o l)  o f  z in c  d u s t  a n d  1 1 . 2  m g  ( 0 .2  m m o l)  

o f  C a O  u n d e r  N 2 a t  2 5  ° C .  T h e  m i x t u r e  w a s  h e a t e d  a t  1 4 0  ° C  f o r  3  m in . 

T h e  r e a c t io n  w a s  q u e n c h e d  w i t h  d i lu t e  H C 1  a t  0  ° C ,  a n d  t h e  r e s u l t i n g  

m i x t u r e  w a s  e x t r a c t e d  w it h  C H C I 3 t h r e e  t im e s .  T h e  c o m b in e d  e x t r a c t s  

w e r e  w a s h e d  w i t h  b r in e ,  d r ie d ,  a n d  e v a p o r a t e d  t o  d r y n e s s .  P u r i f i c a t i o n  

v i a  P L C  ( s i l i c a  g e l ;  C H C l 3 - a c e t o n e ,  9 5 : 5 )  g a v e  6 .5  m g  ( 0 . 0 1 7  m m o l ,  

5 6 % )  o f  27: m p  1 8 3 - 1 8 4  ° C  ( C H C l 3- M e O H ) ;  I R  1 6 3 5  ( s h ) ,  1 6 2 5 , 1 5 9 2 ,  

1 4 5 0 , 1 4 0 0 , 1 3 8 0 , 1 2 8 0 , 1 2 6 6 , 1 2 4 2  c m " 1 ; N M R  6 1 3 . 5 1  ( s ,  1  H ) ,  1 3 . 4 8  

(s , 1  H ) ,  8 .3 5  ( m , 2  H ) ,  7 .7 8  (m , 2  H ) ,  4 .0 0  (s , 4  H ) ,  3 . 3 - 1 . 5  (m , 7  H ) ,  1 . 4 0  

( s , 3  H ) ;  M S  m /e  (% ) 3 8 0  (2 1 , M + ) ,  3 1 8  ( 2 2 ) ,  2 9 3  ( 1 6 ) ,  2 7 5  (9 ) , 8 7  ( 1 0 0 ) ,  

86 (100 ).
A n a l .  C a l c d  f o r  C 2 2 H 2 oO g: C ,  6 9 .4 6 ;  H ,  5 .3 0 .  F o u n d :  C ,  6 9 . 1 7 ;  H ,  

5 .4 6 .

B. T o  1 3 . 1  m g  ( 0 .0 3 3  m m o l)  o f  24 in  0 .3  m L  o f  p - d i o x a n e  w a s  a d d e d

0 .4  m L  o f  5 %  a q u e o u s  N a O H  a n d  1 2 0  m g  ( 0 .6 8 9  m m o l)  o f  N a 2 S 2 0 4 

u n d e r  N 2  a t  2 5  ° C .  A f t e r  s t i r r i n g  f o r  3 0  m in  ( c o lo r  t u r n e d  f r o m  p u r p le  

t o  y e l lo w  a f t e r  5  m i n ) ,  t h e  r e a c t i o n  m i x t u r e  w a s  h e a t e d  a t  9 0  ° C  f o r  

1  h . A d d i t i o n a l  N a 2S 2 0 4  ( 2 0  m g )  w a s  t h e n  a d d e d ,  a n d  t h e  h e a t i n g  w a s  

c o n t in u e d  f o r  a n o t h e r  3 0  m in .  T h e  r e a c t i o n  w a s  q u e n c h e d  w i t h  d i lu t e  

H C 1  a t  0  ° C  a n d  t h e  r e s u l t i n g  m i x t u r e  e x t r a c t e d  w i t h  C H C 1 3  t h r e e  

t i m e s .  T h e  c o m b i n e d  e x t r a c t  w a s  w a s h e d  w i t h  b r i n e ,  d r i e d ,  a n d  

e v a p o r a t e d .  P L C  p u r i f i c a t i o n  o f  t h e  r e s i d u e  ( s i l i c a  g e l ;  C H C l 3 - a c e -  

t o n e ,  9 5 : 5 )  g a v e  6 .2  m g  ( 0 . 0 1 6  m m o l ,  5 0 % )  o f  27.
8-Acetyl-7,8,9,10-tetrahydro-6,ll-dihydroxy-5,12-naphtha- 

cenedione (28). T o  2  mL o f  t h e  a c i d i c  s o l u t i o n  T H F - 5 %  H 2 S O 4-  

a c e t o n e  ( 1 : 1 : 1 )  w a s  a d d e d  1 0 . 1  m g  ( 0 .0 2 6 5  m m o l)  o f  27. A f t e r  s t i r r i n g  

t h e  r e a c t i o n  m i x t u r e  a t  5 0  ° C  f o r  3  h , 3  m L  o f  5 %  N a H C 0 3 w a s  a d d e d  

a n d  t h e  c o n t e n t s  w e r e  e x t r a c t e d  w i t h  C H C 1 3  t h r e e  t i m e s .  T h e  c o m 

b i n e d  e x t r a c t  w a s  w a s h e d  w i t h  b r i n e ,  d r i e d ,  a n d  e v a p o r a t e d  t o  d r y 

n e s s .  P L C  p u r i f i c a t i o n  ( s i l i c a  g e l ;  C H C l 3- a c e t o n e ,  9 5 : 5 )  g a v e  8 .2  m g  

(9 2 % )  o f  28: m p  1 8 0 - 1 8 2  ° C  ( C H C l 3 - M e O H ) ;  I R  1 7 1 0 ,  1 6 2 5 ,  1 4 1 0 ,  

1 4 0 0 , 1 3 7 8 , 1 3 4 2 , 1 2 7 7 , 1 2 6 5 , 1 2 4 0 , 1 2 0 8  c m " 1 ; N M R  b 1 3 . 4 1  ( s , 1  H ) ,

1 3 . 3 6  ( s ,  1  H ) ,  8 .2 9  ( m , 2  H ) ,  7 . 7 7  ( m , 2  H ) ,  3 . 3 - 1 . 5  ( m , 7  H ) ,  2 . 2 7  ( s ,  3  

H ) ;  M S  m /e  (% ) 3 3 6  ( 1 8 ,  M + ) , 2 9 3  ( 4 5 ) ,  2 7 5  ( 3 0 ) ,  1 8 7  ( 3 2 ) ,  1 0 5  ( 2 1 ) ,  

7 7  ( 2 6 ) ,  4 3  ( 1 0 0 ) ;  m o le c u la r  io n  a t  m /e  3 3 6 . 1 0 0 2  ( t h e o r y  f o r  C 20H 1 6 O 5 , 

3 3 6 .0 9 9 8 ) .

l-Hydroxy-2-methyl-5-methoxyanthraquinone (30). T o  1 -

h y d r o x y - 5 - m e t h o x y a n t h r a q u i n o n e  ( 2 9 ; 2 6 .5  g ,  1 0 4  m m o l)  i n  1 . 5 %  

N a O H  ( 2 .6 5  L )  u n d e r  N 2  w a s  a d d e d  2 0 .5  g  ( 1 1 7  m m o l)  o f  N a 2 S 20 4 a t  

2 5  ° C .  A f t e r  s t i r r in g  t h e  m i x t u r e  f o r  1 0  m in  a t  9 0  ° C ,  8 .9 7  g  ( 1 2 0  m m o l)  

o f  4 0 %  C H 20  s o l u t i o n  w a s  a d d e d  ( c o lo r  t u r n e d  f r o m  o r a n g e - r e d  t o  

d e e p  r e d  w i t h in  1 0  m in ) . A f t e r  s t i r r in g  a t  9 0  ° C  f o r  6 0  m in ,  t h e  r e a c t io n  

m i x t u r e  w a s  c o o le d  t o  5 0  ° C  a n d  a  c u r r e n t  o f  a i r  w a s  p a s s e d  t h r o u g h  

t h e  s o l u t i o n  f o r  6 0  m in  ( c o lo r  c h a n g e d  f r o m  d e e p  r e d  t o  p u r p l e .  T h e  

r e a c t i o n  m i x t u r e  w a s  t h e n  a c i d i f i e d  w i t h  10% H 2 S 0 4, h e a t e d  a t  50 ° C  

f o r  1  h , a n d  e x t r a c t e d  w i t h  C H C 1 3 t h r e e  t i m e s .  T h e  c o m b in e d  e x t r a c t  

w a s  w a s h e d  w i t h  b r i n e ,  d r i e d ,  a n d  e v a p o r a t e d .  C h r o m a t o g r a p h y  o f  

t h e  r e s i d u e  o v e r  7 0 0  g  o f  s i l i c a  g e l  ( e lu t io n  w i t h  CHC13) a f f o r d e d  16.8 
g  ( 6 2 .2  m m o l ,  6 0 % )  o f  30: mp 185-186 ° C  (CHCI3-CCI4); IR (KBr) 
1 6 6 8 , 1 6 3 6 , 1 5 8 5 , 1 2 8 1 , 1 2 6 6 , 1 0 1 1 ,  7 9 1 ,  7 8 1  c m “ 1 ; NMR 6 1 2 . 7 3  (s, 1  

H ) ,  7 .9 5  ( d d ,  J 1 =  7 .5  H z , J 2  =  1 . 2  H z ,  1  H ) ,  4 .0 2  ( s ,  3  H ) ,  2 . 3 3  ( s , 3  H ) ;  

M S  m /e  (% ) 2 6 8  ( 1 0 0 ,  M + ) ,  2 5 3  (8 8 ) , 2 5 1  ( 1 6 ) .  2 3 9  ( 1 7 ) ,  2 2 5  ( 1 4 ) ,  1 6 5

( 1 6 ) ,  1 5 2  ( 2 4 ) ,  1 3 9  ( 1 7 ) ,  1 1 5  ( 1 6 ) ,  1 0 5  ( 1 0 ) ,  7 6  ( 2 1 ) ,  6 3  ( 1 6 ) .

A n a l .  C a l c d  f o r  C 1 6 H 1 2 0 4: C ,  7 1 . 6 3 ;  H ,  4 . 5 1 .  F o u n d :  C ,  7 1 . 6 6 ;  H ,  

4 .6 5 .
l-Acetoxy-2-methyl-5-methoxyanthraquinone (31). A m i x t u r e  

c o n t a in in g  1 5 . 1  g  ( 5 6 .3  m m o l)  o f  30,1  m L  o f  c o n c e n t r a t e d  H 2S O 4 , a n d  

3 0 0  m L  o f  a c e t ic  a n h y d r id e  w a s  s t i r r e d  a t  2 5  ° C  f o r  3 .5  h . T h e  r e a c t io n  

m i x t u r e  w a s  t h e n  p o u r e d  i n t o  3  L  o f  ic e  w a t e r ,  a n d  t h e  r e s u l t i n g  s u s 

p e n s i o n  w a s  e x t r a c e d  w i t h  C H C 1 3  t h r e e  t i m e s .  T h e  c o m b i n e d  C H C 1 3 

e x t r a c t  w a s  w a s h e d  w i t h  5 %  N a H C 0 3  a n d  b r i n e ,  d r ie d ,  a n d  e v a p o r a t e d  

t o  y i e l d  1 7 . 3  g  ( 5 5 .8  m m o l ,  9 9 % ) o f  31: m p  1 9 5 - 1 9 7  ° C  ( C H C I 3- C C I 4) ; 

I R  ( K B r )  1 7 5 0 , 1 6 7 2 , 1 5 8 8 , 1 2 6 3  c m “ 1 ; N M R  b 8 . 1 2  ( d , J  =  7 .8  H z ,  1  

H ) ,  7 .8 5  ( d d , J 1 =  7 .8  H z ,  J 2 =  1 . 5  H z ,  1  H ) ,  7 .6 7  ( d d , Ji =  J 2 =  7 .8  H z ,

1  H ) ,  7 .6 2  (d , J  =  7 .8  H z ,  1  H ) ,  7 .2 9  ( d d , J i  =  7 .8  H z ,  J2 =  1 . 5  H z ,  1  H ) ,

4 .0 2  ( s , 3  H ) ,  2 .5 0  ( s ,  3  H ) ,  2 .3 0  (s , 3  H ) ;  M S  m / e  (% ) 3 1 0  ( 2 0 ,  M + ) ,  2 6 8  

( 1 0 0 ) ,  2 6 7  ( 4 3 ) ,  2 5 4  ( 3 7 ) ,  2 5 3  ( 1 0 0 ) ,  2 5 2  ( 3 4 ) ,  2 5 1  ( 2 6 ) ,  2 3 9  ( 2 6 ) ,  2 2 5  ( 2 2 ) ,  

2 2 2  ( 1 5 ) ,  1 6 8  ( 1 6 ) ,  1 6 5  ( 2 4 ) ,  1 5 3  ( 2 6 ) ,  1 5 2  ( 4 4 ) ,  1 3 9  ( 3 6 ) ,  1 1 5  ( 1 3 ) ,  7 6  

( 1 6 ) ,  4 1  ( 8 1 ) .

A n a l .  C a l c d  f o r  C i 8 H 1 4 0 6: C ,  6 9 .6 7 ;  H ,  4 . 5 5 .  F o u n d :  C ,  6 9 .8 0 ;  H ,  

4 . 7 1 .
l-Acetoxy-2-bromomethyl-5-methoxyanthraquinone (32a).

A  m i x t u r e  c o n t a i n i n g  3 0  g  ( 9 7  m m o l)  o f  3 1 , 1 7 . 8  g  ( 1 0 0  m m o l)  o f  N -  
b r o m o s u c c i n i m i d e  ( N B S ) ,  a n d  2 0 0  m g  o f  b e n z o y l  p e r o x i d e  in  3 . 5  L  

o f  CCI4 w a s  s t i r r e d  u n d e r  N 2  a t  r e f l u x .  A f t e r  3  h , a n  a d d i t i o n a l  4  g  ( 2 2  

m m o l)  o f  N B S  a n d  1 0 0  m g  o f  b e n z o y l  p e r o x i d e  w e r e  a d d e d  a n d  t h e  

c o n t e n t s  w e r e  r e f l u x e d  f o r  a n  a d d i t i o n a l  5  h . D u r i n g  r e f l u x ,  t h e  r e 

a c t i o n  m i x t u r e  w a s  i r r a d i a t e d  w i t h  a  s u n l a m p .  A f t e r  c o o l i n g ,  t h e  

s u c c i n i m i d e  ( w h i t e  s o l id )  w a s  r e m o v e d  b y  f i l t r a t i o n  a n d  t h e  f i l t r a t e  

w a s  e v a p o r a t e d  u n d e r  r e d u c e d  p r e s s u r e .  C r y s t a l l i z a t i o n  o f  t h e  r e s i d u e  

f r o m  C H C 1 3 - C C 1 4 g a v e  1 5  g  ( 3 8  m m o l)  o f  32a: m p  2 1 3 - 2 1 6  ° C ;  I R  

( K B r )  1 7 6 2 , 1 6 7 2 , 1 5 8 7 , 1 2 6 7  c m - 1 ; N M R  6 8 . 1 8  ( d ,  J =  8 .0  H z ,  1  H ) ,  

7 . 9 5 - 7 . 7  ( m , 2  H ) ,  7 .6 7  ( d d ,  J i  =  J2 =  7 .8  H z ) ,  7 .2 8  ( d d ,  J 1  =  7 .8  H z ,  

J 2 =  1 . 2  H z ) ,  4 .4 6  ( s ,  2  H ) ,  4 .0 2  ( s ,  3  H ) ,  2 . 5 1  ( s ,  3  H ) ;  M S  m /e  (% )  3 9 0  

( 1 ,  M +  f o r  8 1 B r ) ,  3 8 8  ( 1 ,  M +  f o r  7 9 B r ) ,  3 4 8  ( 7 ) ,  3 4 6  ( 7 ) ,  2 6 8  ( 1 6 ) ,  2 6 7  

( 1 0 0 ) ,  2 6 6  ( 3 1 ) ,  2 3 9  ( 1 7 ) ,  1 5 2  ( 2 4 ) ,  7 6  ( 9 ) ,  4 1  ( 5 2 ) .

A n a l .  C a l c d  f o r  C i 8H i 3 0 5 B r :  C ,  5 5 . 5 4 ;  H ,  3 . 3 7 .  F o u n d :  C ,  5 5 . 5 0 ;  H ,  

3 .4 7 .
T h e  m o t h e r  l iq u o r ,  c o n t a in in g  r e s i d u a l  31, 32a, a n d  d i b r o m id e  32b, 

w a s  c h r o m a t o g r a p h e d  o n  a  s i l i c a  g e l  c o l u m n  ( 6 .2 5  X  9 0  c m ) .  T h e  c o l 

u m n  w a s  e l u t e d  w i t h  C H C 1 3 , a n d  1 7 - m L  f r a c t i o n s  w e r e  c o l l e c t e d .  

F r a c t i o n s  1 - 1 4 0  g a v e  1 2  g  ( 2 6  m m o l)  o f  d i b r o m i d e  32b: m p  1 9 6 - 1 9 8  

° C ;  I R  3 0 1 5 , 2 9 4 0 , 1 7 8 1 , 1 6 7 4 , 1 5 8 9 , 1 5 7 8 , 1 2 6 5 , 1 1 6 7 , 1 0 0 5  c m “ 1 ; N M R  

5 8 .2 8  ( s , 2  H ) ,  8 . 1 - 7 . 1  (m , 3  H ) ,  6 .9 0  (s , 1  H ) ,  4 . 0 1  (s , 3  H ) ,  2 .5 4  (s , 3  H ) ; 

M S  m /e  (% ) 4 6 8  ( 2 ) ,  4 6 7  (2 ) , 4 6 6  ( 1 ) ,  4 2 6  (6 ), 4 2 5  (4 ) , 4 2 4  (4 ) , 3 4 7  ( 1 0 0 ) ,  

3 4 6  ( 5 5 ) ,  3 4 5  ( 1 0 0 ) ,  2 3 8  ( 4 0 ) , 2 3 7  ( 3 4 ) ,  1 5 2  ( 4 7 ) ,  1 5 1  ( 5 8 ) ,  1 5 0  ( 4 0 ) , 1 0 5

( 3 1 ) ,  1 0 4  ( 1 9 ) ,  8 5  ( 2 3 ) ,  8 3  ( 2 7 ) .  F r a c t i o n s  2 1 0 - 3 0 5  a f f o r d e d  a n  a d d i 

t i o n a l  7  g  ( 1 8  m m o l)  o f  32a. F r a c t i o n s  1 4 1 - 2 0 9  ( 5  g )  c o n s i s t e d  o f  a  

m i x t u r e  o f  32b a n d  32a in  a n  a p p r o x i m a t e l y  1 : 1  r a t i o ;  f r a c t i o n s  

3 0 6 - 3 5 6  ( 3 .5  g )  c o n t a i n e d  32a a n d  31 in  a  r a t i o  o f  2 : 1 .

1- Acetoxy-2-(2'-acetyl-2'-carbethoxymethyl-3'-oxobutyl)- 
5-methoxyanthraquinone (33). T o  0 .8 6 5  g  ( 3 6  m m o l)  o f  N a H  

( p r e w a s h e d  w i t h  d r y  p e n t a n e )  in  5 0  m L  o f  d r y  T H F  u n d e r  N 2  w a s  

a d d e d  d r o p w is e  a  s o lu t io n  o f  6 . 5 1  g  ( 3 5  m m o l)  o f  3 - a c e t y l l e v u l i n i c  a c id  

e t h y l  e s t e r  d i s s o l v e d  in  5 0  m L  o f  d r y  T H F  a t  2 5  ° C .  A f t e r  c o m p le t i o n  

o f  t h i s  a d d i t i o n ,  t h e  m i x t u r e  w a s  h e a t e d  a t  4 0  ° C  u n t i l  h y d r o g e n  e v 

o l u t i o n  c e a s e d  ( c a . 3 0  m in ) .  A  s o l u t i o n  o f  2 0 0  m L  o f  d r y  D M F  c o n 

t a i n i n g  1 3 . 4  g  ( 3 4 .4  m m o l)  o f  32a w a s  a d d e d  d r o p w i s e  a t  - 2 1  ° C  ( d r y  

i c e - C C D  t o  t h e  r e a c t io n  m ix t u r e .  A f t e r  w a r m in g  t o  2 5  ° C ,  t h e  m i x t u r e  

w a s  s t i r r e d  f o r  1 0  h . T h e  r e a c t i o n  w a s  q u e n c h e d  w i t h  d i l u t e  H C 1  a n d  

t h e  r e s u l t i n g  m i x t u r e  e x t r a c t e d  t h r e e  t i m e s  w i t h  e t h y l  a c e t a t e .  T h e  

c o m b i n e d  e x t r a c t  w a s  w a s h e d  w i t h  b r i n e ,  d r i e d ,  a n d  e v a p o r a t e d  t o  

d r y n e s s .  T h e  r e s i d u e  w a s  w a s h e d  w i t h  d r y  m e t h a n o l  t o  g i v e  1 6 . 5  g  

( 3 3 . 5  m m o l ,  9 7 % )  o f  33, w h i c h  w a s  u s e d  f o r  t h e  s u b s e q u e n t  r e a c t i o n .  

C r y s t a l l i z a t i o n  o f  33 f r o m  C H C l 3- e t h e r  a f f o r d e d  a n  a n a l y t i c a l  s a m p le :  

m p  1 8 1 - 1 8 2  ° C ;  I R  ( K B r )  1 7 7 1 ,  1 7 2 9 , 1 7 1 2 ,  1 7 0 0 , 1 6 7 0 ,  1 3 6 3 ,  1 2 6 9 ,  

1 1 7 7  c m " 1 ; N M R  b 7 .8 5  ( d d ,  J x =  7 .8  H z ,  J 2 =  1 . 5  H z ,  1  H ) ,  7 .8  ( A B  

q ,  vA =  8 . 1 1 ,  i>B =  7 .4 9 ,  J A B =  8 . 1  H z ,  2  H ) ,  7 .6 9  ( d d ,  J i  =  J 2 =  7 .8  H z ) ,

7 .3 0  ( d d ,  J ]  =  7 .8  H z , J 2 =  1 . 5  H z , 1  H ) ,  4 . 1 2  ( q , J  =  7 . 1  H z ,  2  H ) ,  4 .0 4  

( s ,  3  H ) ,  3 . 5 7  ( s ,  2  H ) ,  2 .9 2  ( s ,  2  H ) ,  2 .4 7  ( s ,  3  H ) ,  2 . 2 2  ( s ,  6  H ) ,  1 . 2 3  ( t ,  

J  =  7 . 1  H z ,  3  H ) ;  M S  m /e  (% ) 4 9 4  ( 0 . 1 ,  M + ) ,  4 5 2  ( 1 ) , 4 3 4  ( 7 ) ,  4 0 9  ( 1 2 ) ,  

3 9 2  ( 5 1 ) ,  3 9 1  ( 1 0 0 ) ,  3 9 0  ( 7 4 ) ,  3 8 9  ( 2 0 ) ,  3 6 3  ( 4 1 ) ,  3 6 2  ( 2 3 ) ,  3 3 5  ( 1 6 ) ,  2 7 9  

( 1 4 ) ,  2 7 8  ( 1 3 ) ,  2 6 7  ( 1 4 ) ,  4 3  ( 7 8 ) .

Anal. Calcd for C27H260 9: C, 65.58; H, 5.30. Found: C, 64.98; H,
5.19.

2- (2'-Carboxymethyl-3'-oxobutyl)-l-hydroxy-5-methoxyan-
thraquinone (34). A mixture containing 16.5 g (33.5 mmol) of 33 in 
4 0  mL of 5% NaOH was stirred at 65 ° C  under nitrogen for 5 h . After 
cooling, the reaction mixture was acidified and a yellow precipitate 
was formed after stirring for 30 min. T h e  precipitate was collected b y  

f i l t r a t i o n ,  w a s h e d  t w i c e  w i t h  w a t e r  a n d  m e t h a n o l ,  a n d  d r i e d  u n d e r  

r e d u c e d  p r e s s u r e  t o  y i e l d  1 1 . 6  g ( 3 0 .4  m m o l ,  9 1 % )  o f  c r u d e  34, w h i c h
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w a s  u s e d  f o r  t h e  E l b s  o x i d a t i o n .  T w o  c r y s t a l l i z a t i o n s  o f  3 4  f r o m  

C H C l 3 - E t O A c  a f f o r d e d  a n  a n a l y t i c a l  s a m p l e :  m p  1 9 7 - 2 0 0  ° C ;  I R  

( K B r )  3 4 0 0 - 2 5 0 0 ,  1 7 1 0 ,  1 6 6 6 ,  1 6 3 1 ,  1 5 8 7 ,  1 4 3 0 ,  1 2 6 5  c m " 1 ; N M R  

( C D C l 3- M e 2S O - d 6) <5 1 2 . 8 5  (s , 1  H ) ,  7 .9 8  ( d d , Jx =  7 .5  H z , J 2  =  1 . 2  H z , 

1  H ) ,  7 . 9 - 7 . 3  ( m , 4  H ) ,  6 .6 0  ( b r  s ,  1  H ) ,  4 .0 6  ( s ,  3  H ) ,  3 . 7 - 2 . 3  ( m , 5  H ) ,

2 . 2 1  ( s , 3  H ) ;  M S  m / e  (% )  3 8 2  ( 4 0 , M + ) ,  3 3 9  ( 1 6 ) ,  3 2 1  ( 1 6 ) ,  3 0 5  ( 3 3 ) ,  

2 9 4  ( 3 3 ) ,  2 7 9  ( 3 2 ) ,  2 6 7  ( 2 8 ) ,  2 6 6  ( 2 1 ) ,  2 3 9  ( 1 1 ) ,  1 6 5  ( 2 0 ) ,  1 5 2  ( 2 3 ) ,  1 3 9  

( 1 8 ) ,  7 7  ( 1 2 ) ,  4 1  ( 1 0 0 ) .

A n a l .  C a l c d  f o r  C 2 i H i 8 0 7: C ,  6 5 .9 6 ;  H ,  4 . 7 5 .  F o u n d :  C ,  6 6 .0 7 ;  H ,

4 .9 3 .

2-(2'-Carboxymethyl-3'-oxobutyl)-l,4-dihydroxy-5-methox- 
yanthraquinone (35). T o  a  s o l u t i o n  o f  8  m L  o f  2  M  a q u e o u s  K O H  

c o n t a i n i n g  6 0 1  m g  ( 1 . 5 7  m m o l)  o f  34 w a s  a d d e d  2 0  m L  o f  a q u e o u s  

K 2S 2 0 s  ( 8 0 0  m g , 2 .9 6  m m o l)  s o l u t i o n  u n d e r  N 2 . A f t e r  s t i r r i n g  t h e  

r e a c t io n  m i x t u r e  f o r  2  d a y s  a t  2 5  ° C ,  t h e  c o n t e n t s  w e r e  a c i d i f i e d  w i t h  

1 0 %  H C 1  t o  p H  4 .0  t o  p r e c i p i t a t e  t h e  u n r e a c t e d  s t a r t i n g  m a t e r i a l  

( y e l lo w  s o l i d ) .  A f t e r  e x t r a c t i o n  o f  t h e  f i l t r a t e  w i t h  e t h y l  a c e t a t e  t o  

r e m o v e  t r a c e s  o f  34,5 7 5  m g  ( 4 .5 6  m m o l)  o f  N a 2 S C >3 a n d  4  m L  o f  c o n 

c e n t r a t e d  H C 1  w e r e  t h e n  a d d e d .  T h e  r e s u l t i n g  m i x t u r e  w a s  h e a t e d  

o n  a  s t e a m  b a t h  f o r  1  h ,  a n d  t h e  s o l u t i o n  w a s  e x h a u s t i v e l y  e x t r a c t e d  

w i t h  C H C I 3 . T h e  c o m b in e d  e x t r a c t  w a s  w a s h e d  w i t h  b r i n e ,  d r i e d ,  a n d  

e v a p o r a t e d  t o  g i v e  2 6 2  m g  ( 0 .6 5 8  m m o l ,  4 2 % )  o f  35: m p  1 2 4 - 1 2 5  ° C  

( C H C l 3 - E t O A c ) ;  I R  3 3 0 0 ,  2 5 0 0 ,  1 7 0 5 ,  1 6 1 3 ,  1 5 7 5 ,  1 4 4 0 ,  1 2 7 5 ,  1 2 1 7 ,  

7 7 4  c m “ 1 ; N M R  5 1 3 . 2 9  ( s ,  1  H ) ,  1 3 . 1 8  ( b r  s ,  1  H ) ,  7 .9 9  ( d d ,  Jx =  7 .8  

H z ,  J2 =  1 - 2  H z ) ,  7 .7 6  ( t ,  Jx =  J2 =  7 .8  H z ) ,  7 .4 0  ( d d ,  J x =  7 .8  H z ,  J2 
=  1 . 2  H z ) ,  7 . 1 0  ( s , 1  H ) ,  6 .8 7  ( b r  s ,  1  H ) ,  4 .0 9  ( s , 3  H ) ,  2 . 7 - 2 . 4  ( m , 5  H ) ,

2 .2 4  ( s ,  3  H ) ;  M S  m/e (% )  3 9 8  ( 2 0 ,  M + ) ,  3 9 0  ( 4 3 ) ,  3 1 5  ( 1 7 ) ,  3 3 4  ( 1 6 ) ,  

3 2 1  ( 1 6 ) ,  3 0 9  ( 3 7 ) ,  2 9 5  ( 1 6 ) ,  2 9 3  ( 1 2 ) ,  2 9 1  ( 1 2 ) ,  2 8 3  ( 1 7 ) ,  2 5 5  ( 2 2 ) ,  2 1 7  

( 1 7 ) ,  4 1  ( 1 0 0 ) .

A n a l .  C a l c d  f o r  C 2 i H i g O s :  C ,  6 3 . 3 1 ;  H ,  4 . 5 5 .  F o u n d :  C ,  6 3 . 0 3 ;  H ,

4 .9 0 .

T h e  r e s i d u a l  s t a r t i n g  m a t e r i a l  ( y e l l o w  s o l i d )  w a s  p u r i f i e d  b y  c h r o 

m a t o g r a p h y  o v e r  s i l i c a  g e l.  E l u t i o n  o f  t h e  c o lu m n  w it h  C H C l 3- M e O H  

( 5 : 1 )  a f f o r d e d  2 2 7  m g  o f  3 4  ( 0 .5 9 7  m m o l ,  3 8 % ) .

2-(2'-Carbomethoxymethyl-3'-oxobutyl)-l,4-dihydroxy-5- 
methoxyanthraquinone (36). T o  1 . 5 2  g  ( 3 .8  m m o l)  o f  35 d i s s o l v e d  

in  3 0  m L  o f  C H C 1 3  w a s  a d d e d  a n  e x c e s s  o f  e t h e r e a l  d i a z o m e t h a n e  a t  

0  ° C .  A f t e r  s t i r r i n g  f o r  1  h ,  1  d r o p  o f  a c e t i c  a c i d  w a s  a d d e d  a n d  t h e  

s o l v e n t  w a s  e v a p o r a t e d  u n d e r  r e d u c e d  p r e s s u r e  t o  y i e l d  1 . 5 7  g  ( 3 . 8 1  

m m o l ,  9 9 .7 % )  o f  36. C r y s t a l l i z a t i o n  o f  36 f r o m  C H C l a - h e x a n e  a f f o r d e d  

a  s a m p le :  m p  1 4 7 - 1 4 8  ° C ;  I R  ( K B r )  1 7 3 3 , 1 7 1 5 , 1 6 2 0 , 1 5 8 0 , 1 2 8 1 , 1 2 6 2 ,  

1 2 2 2  c m “ 1 ; N M R  5 1 3 . 3 0  ( s ,  1  H ) ,  1 3 . 1 7  ( s , 1  H ) ,  8 .0 2  ( d d ,  Jx =  7 .8  H z , 

Jo =  1 . 2  H z ,  1  H ) ,  7 . 7 5  ( d d ,  J x =  J 2  =  7 .8  H z ,  1  H ) ,  7 . 3 8  ( d d ,  J ,  =  7 .8  

H z ,  J2 =  1 . 2  H z ,  1  H ) ,  7 .0 8  ( s ,  1  H ) ,  4 .0 7  ( s ,  3  H ) ,  3 .6 0  ( s ,  3  H ) ,  3 . 6 - 2 . 4  

( m , 5  H ) ,  2 .2 6  ( s ,  3  H ) ;  M S  m/e (% ) 4 1 2  ( 4 9 , M + ) ,  3 9 4  ( 7 0 ) ,  3 8 1  ( 1 9 ) ,  

3 7 0  ( 2 3 ) ,  3 6 9  ( 2 1 ) ,  3 3 7  ( 2 1 ) ,  3 2 1  ( 2 5 ) ,  3 1 0  ( 3 7 ) ,  3 0 9  ( 8 1 ) ,  3 0 8  ( 3 0 ) ,  2 9 5

( 2 7 ) ,  2 9 3  ( 2 0 ) ,  2 5 5  ( 3 4 ) ,  2 1 7  ( 4 2 ) ,  4 3  ( 1 0 0 ) ,  4 1  ( 3 8 ) .

A n a l .  C a l c d  f o r  C 2 2 H 2 o O s: C ,  6 4 .0 7 ;  H ,  4 .8 7 .  F o u n d :  C ,  6 4 .0 4 ;  H ,

5 . 1 5 .

2-(2'-Carbomethoxymethyl-3'-ethylenedioxybutyl)-l,4-di- 
hydroxy-5-methoxyanthraquinone (4). T h e  r e a c t i o n  m i x t u r e ,  

c o n t a i n i n g  1 . 5 7  g  ( 3 . 8 1  m m o l)  o f  36, 3  m L  o f  e t h y l e n e  g l y c o l ,  a n d  1 5  

m g  o f  p - t o l u e n e s u l f o n i c  a c i d  in  5 0  m L  o f  b e n z e n e ,  w a s  r e f l u x e d  f o r  

1 4  h . T h e  w a t e r  w a s  c o l le c t e d  t h r o u g h  a  D e a n - S t a r k  c o n d e n s e r .  A f t e r  

c o o l in g ,  t h e  c o n t e n t s  w e r e  d i l u t e d  w i t h  5 %  NaHC03 a n d  e x t r a c t e d  

w i t h  e t h y l  a c e t a t e  t h r e e  t i m e s .  T h e  c o m b i n e d  e x t r a c t s  w e r e  w a s h e d  

w i t h  b r i n e ,  d r ie d ,  a n d  e v a p o r a t e d  t o  d r y n e s s .  T h e  r e s i d u e  ( 1 . 7 4  g) w a s  

c h r o m a t o g r a p h e d  o v e r  4 6  g  o f  s i l i c a  g e l .  E l u t i o n  o f  t h e  c o lu m n  w it h  

CHCls-EtOAc ( 9 5 :5 )  g a v e  1 . 4 2  g  ( 8 2 % )  o f  4: m p  1 6 4 - 1 6 5  ° C  

(CHCI3-CCI4); I R  ( K B r )  1 7 2 0 ,  1 6 1 5 ,  1 5 7 4 ,  1 4 3 5 ,  1 2 7 5 ,  1 2 5 7 ,  1 2 1 8 ,  

1 0 2 5 , 7 8 0  c m - 1 ; N M R  6 1 3 . 3 0  ( s , 1 H ) ,  1 3 . 1 9  ( s , 1  H ) ,  7 .9 3  ( d d ,  J x =  7 .8  

H z , J 2 =  1 . 2  H z ,  1  H ) ,  7 .6 8  ( d d ,  J x =  J2 =  7 .8  H z ,  1  H ) ,  7 .3 0  ( d d ,  J x =

7 .8  H z ,  J2 =  1 . 2  H z ,  1  H ) ,  7 . 1 3  ( s , 1  H ) ,  4 .0 4  ( s ,  3  H ) ,  4 .0 0  (s , 4  H ) ,  3 . 5 2  

(s , 3  H ) ,  3 . 1 3  ( d d , J x =  1 2 . 1  H z , J2 =  3 .0  H z ,  1  H ) ,  3 . 0 - 2 . 0  (m , 4  H ) ,  1 . 4 1  

( s , 3  H ) ;  M S  m/e (% ) 4 5 6  ( 5 ,  M + ) ,  4 2 5  ( 2 ) , 3 4 9  ( 2 0 ) ,  3 7 9  ( 3 ) ,  3 3 5  ( 3 ) ,  3 3 4

( 3 ) ,  3 2 1  ( 5 ) ,  3 0 9  ( 3 ) ,  8 7  ( 1 0 0 ) ,  4 1  ( 2 6 ) .

A n a l .  C a l c d  f o r  C ^ H ^ O g :  C ,  6 3 . 1 5 ;  H ,  5 .3 0 .  F o u n d :  C ,  6 3 . 2 2 ;  H ,

5 .4 0 .
9-(l'-Ethylenedioxyethyl)-7,8,9,10-tetrahydro-6,ll-dihy- 

droxy-4-methoxy-5,7,12-naphthacenetrione (41). T o  6 4  m g  ( 0 . 1 4  

m m o l)  o f  4 in  0 .4  m L  o f  p - d i o x a n e  w a s  a d d e d  2 0 0  m g  ( 1 . 1 5  m m o l)  o f  

N a 2 S 2 0 4  in  0 .8  m L  o f  5 %  a q u e o u s  N a O H  u n d e r  N 2 . A f t e r  s t i r r i n g  a t  

2 5  ° C  f o r  3 0  m in  ( c o lo r  t u r n e d  f r o m  d a r k  r e d  t o  y e l lo w ) ,  5 0  m g  o f  a d 

d i t i o n a l  N a 2 S 2 0 4  w a s  a d d e d  a n d  t h e  m i x t u r e  w a s  s t i r r e d  f o r  a n o t h e r  

3 0  m in .  A f t e r  q u e n c h i n g  t h e  r e a c t i o n  w i t h  d i l u t e  H C 1 ,  t h e  r e s u l t i n g  

m ix t u r e  w a s  e x t r a c t e d  w i t h  C H C 1 3  t h r e e  t im e s .  T h e  c o m b in e d  e x t r a c t  

w a s  w a s h e d  w i t h  b r i n e ,  d r i e d ,  a n d  e v a p o r a t e d  t o  a f f o r d  5 9  m g  (9 2 % )  

o f  c r u d e  40 a s  a  m i x t u r e  o f  t w o  d i a s t e r e o m e r s :  I R  1 7 3 0 , 1 6 3 0 , 1 6 0 9 ,  

1 5 8 5 , 1 3 9 5 , 1 2 6 5  c m “ 1 ; N M R  <5 1 4 . 6 0  ( s ,  1  H ) ,  1 3 . 4 7  ( s ,  0 .5  H ) ,  1 3 . 4 3  

(s , 0 .5  H ) ,  8 .0 3  ( d d ,  J x =  7 .8  H z ,  J2 =  1 . 0  H z ) ,  7 .5 4  ( t ,  J =  7 .8  H z ,  1  H ) ,

7 . 1 2  ( d d ,  Jx =  7 .8  H z ,  J2 = 1 . 0  H z ) ,  4 .0 3  ( s ,  3  H ) ,  3 . 9 3  ( s ,  2  H ) ,  3 . 9 1  ( b r  

s ,  2  H ) ,  3 .6 4  ( s ,  1 . 5  H ) ,  3 .6 0  ( s ,  1 . 5  H ) ,  1 . 5 - 3 . 4  ( m , 8  H ) ,  1 . 2 7  ( s ,  3  H ) ;  

M S  m/e (% )  4 5 8  ( 0 .6 , M + ) ,  3 9 6  ( 2 ) ,  2 8 4  ( 9 ) ,  1 8 7  ( 4 ) ,  1 5 5  ( 5 ) ,  1 4 9  (8 ) , 

1 1 1  ( 3 1 ) ,  8 7  ( 1 0 0 ) .  T h i s  m i x t u r e  w a s  u s e d  f o r  t h e  f o l l o w i n g  c y c l i z a t io n  
r e a c t i o n .

T o  5 1  m g  ( 0 . 1 1  m m o l)  o f  40 s u s p e n d e d  in  1 . 1  m L  o f  g ly c e r o l  a n d  0 .2 8  

m L  o f  w a t e r  w a s  a d d e d  5 0  m g  ( 0 .8 7  m m o l)  o f  C a O  a n d  2 0  m g  ( 0 . 3 1  

m m o l)  o f  z in c  d u s t  a t  —7 8  ° C  ( t o  m i n i m i z e  e s t e r  e x c h a n g e ) .  A f t e r  

r e p e a t e d  f l u s h i n g  o f  t h e  s y s t e m  w i t h  N 2  t o  r e m o v e  t h e  l a s t  t r a c e s  o f  

o x y g e n ,  t h e  r e a c t i o n  m i x t u r e  w a s  h e a t e d  t o  1 4 0  ° C  f o r  e x a c t l y  5  m in .  

A f t e r  c o o lin g , t h e  r e a c t io n  w a s  q u e n c h e d  b y  t h e  a d d i t io n  o f  d i lu t e  H C 1  

a t  0  ° C  a n d  t h e  m i x t u r e  w a s  e x t r a c t e d  w i t h  C H C 1 3  t h r e e  t i m e s .  T h e  

c o m b i n e d  e x t r a c t  w a s  w a s h e d  w i t h  b r i n e ,  d r i e d ,  a n d  e v a p o r a t e d  t o  

d r y n e s s .  T L C  a n a l y s i s  ( C H C l 3- a c e t o n e ,  9 5 :5 )  o f  t h e  m i x t u r e  r e v e a l e d  

t h e  p r e s e n c e  o f  t h r e e  c o m p o n e n t s  w i t h  r e l a t i v e  m o b i l i t i e s  o f  0 .3 5  

( b r o w n is h  r e d ) ,  0 .5 4  ( r e d ) ,  a n d  0 . 0 1  ( r e d ) .  P u r i f i c a t i o n  o f  t h i s  m i x t u r e  

u s i n g  P L C  a f f o r d e d  3 .9  m g  ( 8 .4 % )  o f  4 1  (Rf 0 . 3 5 ) :  m p  2 3 4 - 2 3 6  ° C  

( C H C l 3 - M e O H ) ;  I R  1 6 2 5 , 1 5 9 3 , 1 2 8 5 , 1 2 0 5 ,  7 3 0  c m " 1 ; N M R  <5 1 4 . 3 3  

( s ,  1  H ) ,  1 3 . 1 0  ( s ,  1  H ) ,  7 .9 8  ( d d ,  J x =  7 .8  H z ,  J 2  =  1 . 2  H z ,  1  H ) ,  7 . 7 3  

( t ,  J 1  =  7 .8  H z ) ,  7 . 3 5  ( d d ,  Jx =  7 .8  H z ,  J2 =  1 . 2  H z ,  1  H ) ,  4 . 0 5  ( s ,  4  H ) ,

3 .9 8  ( s ,  3  H ) ,  3 . 6 - 1 . 5  ( m , 5  H ) ,  1 . 3 9  ( s ,  3  H ) ;  M S  m/e (% )  4 2 4  ( 7 ,  M + ) ,  

4 2 3  ( 3 1 ) ,  4 2 2  (7 9 ) ,  4 0 7  ( 1 0 0 ) ,  4 0 6  (9 ) , 3 6 3  (9 ) , 3 4 8  ( 9 ) , 3 3 5  ( 1 5 ) ,  3 2 0  ( 1 1 ) ,  

8 7  ( 5 3 ) ;  m o l e c u l a r  io n  a t  m/e 4 2 4 . 1 1 5 9  ( t h e o r y  f o r  C 2 3 H 2o O s, 

4 2 4 . 1 1 5 9 .

E l u t i o n  o f  t h e  t o p  r e d  b a n d  (Rf 0 .5 4 )  g a v e  1 5  m g  o f  4, a n d  t h e  b o t 

t o m  b a n d  (Rf 0 . 0 1 )  a f f o r d e d  1 4  m g  o f  37 37. [ I R  ( K B r )  3 3 0 0 - 2 5 0 0 ,  

1 7 2 0 , 1 6 2 0 , 1 5 8 2 , 1 4 4 0 , 1 2 8 0 , 1 2 2 5  c m ' 1 ; N M R  5 1 3 . 3 5  ( s ,  1  H ) ,  1 3 . 2 2  

( s ,  1  H ) ,  8 .0 0  ( d d ,  Jx =  7 .8  H z ,  J2 =  1 . 2  H z ,  1  H ) ,  7 . 7 2  ( d d ,  J X= J 2 =
1.8 H z , 1  H ) ,  7 .3 6  ( d d ,  Jx =  7 .8  H z , J 2  =  1 . 2  H z ) ,  7 . 1 8  ( s , 1  H ) ,  6 .9 4  ( b r  

s , 1  H ) ,  4 .0 6  ( s , 3  H ) ,  3 .9 8  ( s ,  4  H ) ,  3 . 1 3  ( d d ,  J x =  1 2  H z ,  J2 =  3  H z ,  1  

H ) ,  3 . 0 - 2 . 0  ( 4 H ) ,  1 . 4 0  ( s ,  3  H ) [ ,  w h ic h  w a s  e s t e r i f i e d  t o  4 a n d  r e c y 

c le d .

A n a l .  C a l c d  f o r  C 2 3 H 2 2 0 g :  C ,  6 2 .4 4 ;  H ,  5 . 0 1 .  F o u n d :  C ,  6 2 .4 0 ;  H ,

5 .0 2 .

2-(2'-Carbomethoxymethyl-3'-ethylenedioxybutyl)-5-me- 
thoxy-l,4-dibenzyloxyanthraquinone (43). A  m i x t u r e  c o n s i s t i n g  

o f  5 5 0  m g  ( 1 . 2 1  m m o l)  o f  4 , 1  g  ( 7 .2  m m o l)  o f  a n h y d r o u s  K 2 C 0 3 , a n d

0 . 5 1  g  ( 3  m m o l)  o f  b e n z y l  b r o m i d e  in  5 0  m L  o f  a c e t o n e  w a s  r e f l u x e d  

u n d e r  N 2  f o r  2 0  h . T h e  r e a c t i o n  m i x t u r e  w a s  t h e n  f i l t e r e d ,  a n d  t h e  

f i l t r a t e  w a s  e v a p o r a t e d  t o  d r y n e s s .  T h e  r e s i d u e  w a s  w a s h e d  w i t h  

m e t h a n o l  t o  r e m o v e  t h e  u n r e a c t e d  b e n z y l  b r o m i d e ,  a n d  7 6 1  m g  (9 9 % ) 

o f  c r u d e  43 w a s  o b t a i n e d .  C r y s t a l l i z a t i o n  o f  43 f r o m  C H C l 3- M e O H  

g a v e  a  s a m p le :  m p  1 3 4 - 1 3 6  ° C ;  I R  1 7 5 9 , 1 6 7 0 , 1 5 8 8 , 1 2 0 5 , 1 0 1 5  c m - 1 ; 

N M R  6 7 . 8 - 7 . 1  ( m , 1 4  H ) ,  5 .2 9  ( s , 2  H ) ,  4 .9 9  ( s , 2  H ) ,  3 .9 7  ( s , 3  H ) ,  3 .7 7  

( m , 4  H ) ,  3 . 4 5  ( s ,  3  H ) ,  2 .9 7  ( d ,  J =  9 .6  H z ,  1  H ) ,  2 .6 5  - 1 . 7 5  ( m , 4  H ) ,

1 . 2 5  ( s , 3  H ) ;  M S  m/e (% )  6 3 6  (6 , M + ) , 5 4 6  ( 5 ) ,  5 3 0  ( 4 ) ,  4 8 4  ( 4 ) ,  4 8 3  (4 ) , 

3 9 4  (6 ) , 3 7 2  ( 5 ) ,  3 5 6  ( 4 ) ,  1 0 5  ( 7 ) ,  9 2  ( 2 0 ) ,  9 1  ( 1 0 0 ) ,  8 7  ( 9 3 ) .

A n a l .  C a l c d  f o r  C 38 H 36 O 9 : C ,  7 1 . 6 8 ;  H ,  5 .7 0 .  F o u n d :  C ,  7 1 . 1 0 ;  H ,

5 .8 0 .

2-(2'-Carboxymethyl-3'-ethylenedioxybutyl)-5-methoxy-
1.4- dibenzyloxyanthraquinone (44). A  m i x t u r e  o f  7 2 0  m g  ( 1 . 1 3  

m m o l)  o f  43,8  m L  o f  8 %  a q u e o u s  N a O H ,  a n d  3  m L  o f  p - d i o x a n e  w a s  

s t i r r e d  u n d e r  N 2  a t  9 0  ° C  f o r  3  h . A f t e r  c o o l in g ,  d i lu t e  H C 1  w a s  a d d e d  

a n d  t h e  r e s u l t i n g  s o lu t io n  w a s  e x t r a c t e d  w i t h  C H C 1 3  t h r e e  t i m e s .  T h e  

c o m b i n e d  e x t r a c t  w a s  w a s h e d  w i t h  b r i n e ,  d r i e d ,  a n d  e v a p o r a t e d  t o  

y i e l d  6 4 6  m g  (9 2 % )  o f  c r u d e  44. C r y s t a l l i z a t i o n  o f  44 ( C H C l 3 - M e O H )  

a f f o r d e d  a  s a m p l e :  m p  1 7 3 - 1 7 4  ° C ;  I R  1 7 4 0 , 1 7 1 8 , 1 6 8 0 , 1 5 9 8 , 1 2 7 5 ,  

1 2 1 6  c m - 1 ; N M R  6 7 . 8 - 7 . 1  ( m , 1 4  H )  6 .5 2  ( b r  s ,  1  H ) ,  5 .2 4  ( s , 2  H ) ,  4 .9 7  

( s ,  2  H ) ,  3 .9 4  ( s ,  3  H ) ,  3 . 7 4  ( m , 4  H ) ,  2 .9 3  ( b r  d ,  J  =  1 0 . 2  H z ,  1  H ) ,

2 . 6 1 - 1 . 7 6  ( m , 4 H ) ,  1 . 1 4  ( s , 3  H ) ;  M S  m/e (% ) 6 2 2  ( 3 ,  M + ), 5 3 2  ( 4 ) ,  5 1 6

( 2 ) ,  5 1 4  ( 2 ) ,  4 6 9  ( 4 ) ,  4 4 2  ( 4 ) ,  3 7 9  ( 5 ) ,  3 7 2  (6 ) , 3 0 9  ( 5 ) ,  2 8 3  ( 3 ) ,  1 0 5  ( 4 ) ,  

9 2  ( 2 1 ) ,  9 1  ( 1 0 0 ) ,  8 7  ( 4 9 ) .

A n a l .  C a l c d  f o r  C 3 7 H 34 O 9 : C ,  7 1 . 3 7 ;  H ,  5 .5 0 .  F o u n d :  C ,  7 1 . 4 9 ;  H ,

5 .6 0 .
2-[2'-(2'-Hydroxyethyl)-3'-ethylenedioxybutyl]-5-meth- 

oxy-l,4-dibenzyloxyanthraquinone (45). T o  3 0 2  m g  ( 0 .4 8 6  m m o l)  

o f  4 4  in  2  m L  o f  d r y  T H F  w a s  a d d e d  d r o p w i s e  0 .9 7  m L  ( 0 .9 7  m m o l)  

o f  a  B H 3- T H F  s o lu t io n  ( 1  M )  a t  r o o m  t e m p e r a t u r e .  A f t e r  s t i r r i n g  f o r  

1  h , 2  m L  o f  e t h a n o l  w a s  a d d e d  a n d  t h e  r e s u l t i n g  m i x t u r e  w a s  e v a p 

o r a t e d  t o  d r y n e s s .  P L C  p u r i f i c a t i o n  ( s i l i c a  g e l ;  C H C l 3 - M e O H ,  9 5 : 5 )  

o f  t h e  c r u d e  m a t e r i a l  g a v e  2 3 5  m g  ( 8 0 % )  o f  45: I R  1 6 7 8 ,  1 5 9 6 , 1 4 5 5 ,  

1 3 2 5 , 1 2 7 0 , 1 2 1 3 , 1 0 2 0  c m “ 1 ; N M R  & 7 . 8 - 7 . 0  ( m , 1 4  H ) ,  5 . 3 1  ( s ,  2  H ) ,

4 .9 9  ( s , 2  H ) ,  4 .0 0  ( s ,  3  H ) ,  3 . 8 3  ( m , 4  H ) ,  3 . 3 2  ( m , 2  H ) ,  3 . 0 2  ( d d ,  J x =

1 3 . 5  H z ,  J2 =  3 .0  H z ,  1  H ) ,  2 . 5 4 - 1 . 6 5  ( m , 4  H ) ,  1 . 2 5  ( s ,  3  H ) ;  M S  m/e 
(% ) 5 0 0  (4 , M  -  1 0 8 ) ,  9 1  ( 4 6 ) ,  8 7  ( 1 0 0 ) ;  m o l e c u l a r  io n  a t  m/e 6 0 8 .2 3 9 3  

( t h e o r y  f o r  C sn H s e O g , 6 0 8 .2 4 1 0 ) .
2-[2'-(2-Hydroxyethyl)-3'-ethylenedioxybutyl]-5-methoxy-

1 . 4 -  dihydroxyanthraquinone ( 4 6 ) .  T o  a  s u s p e n s i o n  o f  5  m L  o f  e t h y l  

a c e t a t e  a n d  2 0 0  m g  o f  5 %  P d - B a S C >4 ( p r e s a t u r a t e d  w i t h  h y d r o g e n )  

w a s  a d d e d  a  s o l u t i o n  o f  2 0 2  m g  ( 0 . 3 3 2  m m o l)  o f  4 5  in  3  m L  o f  e t h y l
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a c e t a t e .  A f t e r  s t i r r i n g  t h e  m i x t u r e  u n d e r  H 2  f o r  1  h ,  t h e  c o n t e n t s  w e r e  

f i l t e r e d  t h r o u g h  C e l i t e .  T h e  f i l t r a t e  w a s  e v a p o r a t e d ,  a n d  t h e  c r u d e  

4 6  w a s  p u r i f i e d  b y  P L C  ( e l u t i o n  w i t h  C H C l 3- M e O H ,  9 5 : 5 ) ,  w h ic h  

a f f o r d e d  1 0 1  m g  ( 7 1 % )  o f  p u r e  4 6 : I R  1 6 2 5 ,  1 5 9 3 ,  1 4 5 4 ,  1 4 4 5 ,  1 2 8 5 ,  

1 2 7 2 , 1 2 4 6 , 1 0 4 0  c m “ 1 ; N M R  5 1 3 . 3 5  ( s ,  1  H ) ,  1 3 . 1 7  ( s ,  1  H ) ,  7 .9 2  ( d d ,  

J  i  =  7 .7  H z ,  Jo =  1 . 2  H z ,  1  H ) ,  7 .6 8  ( d d ,  =  J 2 =  8 .0  H z ,  1  H ) ,  7 . 3 1  

( d d ,  J i =  7 .7  H z ,  J 2 =  1 . 2  H z ,  1  H ) ,  7 .0 9  ( s ,  1  H ) ,  4 .0 2  ( s ,  3  H ) ,  3 .9 5  ( s , 

4  H ) ,  3 . 6 1  ( m , 2  H ) ,  3 .0 6  ( d d , J , =  1 2 . 0  H z .  J 2 =  3 .0  H z ) ,  2 . 8 5 - 1 . 4 3  (m , 

4  H ) ,  1 . 3 7  (s , 3  H ) ;  M S  m /e  (% ) 4 2 8  ( 0 .2 ,  M + ) ,  3 6 6  ( 2 ) ,  3 4 8  ( 1 ) ,  3 3 5  ( 1 ) ,  

2 4 3  ( 4 ) ,  1 6 5  ( 3 ) ,  8 7  ( 1 0 0 ) ,  8 6  ( 1 9 ) ;  m o l e c u l a r  io n  a t  m /e  4 2 8 . 1 4 7 1  

( t h e o r y  f o r  C 2 3 H 24O 8 , 4 2 8 . 1 4 7 1 ) .
2-(2'-Formylmethyl-3'-ethylenedioxybutyl)-5-methoxy-

I, 4-dihydroxyanthraquinone ( 4 7 ) .  T o  a  s u s p e n s i o n  o f  6 0  m g  ( 0 .2 8  

m m o l)  o f  p y r i d i n i u m  c h lo r o c h r o m a t e  ( P C C )  in  3  m L  o f  C H 2 C 1 2  w a s  

a d d e d  d r o p w i s e  a  s o lu t io n  o f  C H 2 C 1 2 ( 2  m L )  c o n t a i n i n g  6 0  m g  ( 0 . 1 4  

m m o l)  o f  4 6  a t  r o o m  t e m p e r a t u r e .  A f t e r  s t i r r in g  f o r  1  h , 2 5  m L  o f  e t h e r  

w a s  a d d e d  a n d  t h e  m i x t u r e  w a s  f i l t e r e d  t h r o u g h  C e l i t e .  T h e  f i l t r a t e  

w a s  w a s h e d  w i t h  5 %  N a H C O s  a n d  b r i n e ,  d r i e d ,  a n d  e v a p o r a t e d  t o  

d r y n e s s .  P L C  p u r i f i c a t i o n  ( e l u t i o n  w i t h  C H C b s - M e O H ,  9 5 : 5 )  o f  t h e  

c r u d e  47 ( 4 8  m g )  g a v e  3 9  m g  (6 5 % )  o f  p u r e  47: I R  1 7 4 0 ,  1 6 1 9 ,  1 5 8 5 ,  

1 2 6 0 , 1 2 0 5  c m - 1 ; N M R  S 1 3 . 3 1  ( s ,  1  H ) ,  1 3 . 1 1  ( s ,  1  H ) ,  9 .5 2  ( d d ,  J 1 =

3 . 3  H z ,  J 2  =  1 . 2  H z ) ,  8 .0 2  ( d d , J x =  8.8  H z , J 2 =  1 . 2  H z ,  1  H ) .  7 . 7 5  ( d d ,

J , =  J 2 =  7 .8  H z ,  1  H ) ,  7 . 3 5  ( d d ,  J 1 =  7 .8  H z ,  J 2 =  1 . 2  H z ,  1  H ) ,  7 . 1 1  

(s , 1  H ) ,  4 .0 6  ( s , 3  H ) ,  3 .9 5  ( m , 4  H ) ,  3 . 1 7  ( d d , =  1 2 . 0  H z , J 2 =  3 . 1  H z ,  

1  H ) ,  3 . 0 - 2 . 0  ( m , 4  H ) ,  1 . 4 1  ( s ,  3  H ) ;  M S  m /e  (% )  4 2 6  ( 2 , M + ) ,  3 6 4  ( 3 ) ,  

3 3 5  ( 5 ) ,  3 2 1  ( 2 ) ,  2 5 5  ( 2 ) ,  1 1 5  ( 2 ) ,  8 7  ( 1 0 0 ) ;  m o l e c u l a r  io n  a t  m /e  
4 2 6 . 1 2 9 1  ( t h e o r y  f o r  C 2 3 H 2 2 O 8 , 4 2 6 . 1 2 6 7 ) .

8-(l'-Ethylenedioxyethyl)-7,8,9,10-tetrahydro-6,ll-dihy- 
droxy-l-methoxy-5,12-naphthacenedione (50). T o  a  s o l u t i o n  o f

1 5 . 1  m g  ( 0 .0 3 5  m m o l)  o f  4 7  in  0 .3  m L  o f  p - d i o x a n e  w a s  a d d e d  0 .5  m o l  

o f  5 %  a q u e o u s  N a O H  a n d  1 3 0  m g  o f  N a 2 S 2 C>4 u n d e r  N 2  a t  r o o m  t e m 

p e r a t u r e .  A f t e r  s t i r r i n g  a t  2 5  ° C  f o r  3 0  m in ,  t h e  r e a c t io n  m i x t u r e  w a s  

h e a t e d  a t  9 0  ° C  f o r  1  h . A d d i t i o n a l  N a 2S 2 0 4  ( 2 0  m g )  w a s  t h e n  a d d e d ,  

a n d  h e a t i n g  w a s  c o n t i n u e d  f o r  a n o t h e r  3 0  m in .  T h e  r e a c t i o n  w a s  

q u e n c h e d  w i t h  H C 1  a t  0  ° C ,  a n d  t h e  r e a c t i o n  m i x t u r e  w a s  e x t r a c t e d  

w it h  C H C I 3 t h r e e  t im e s .  T h e  c o m b in e d  e x t r a c t  w a s  w a s h e d  w i t h  b r i n e ,  

d r ie d ,  a n d  e v a p o r a t e d  t o  d r y n e s s .  P L C  p u r i f i c a t i o n  ( C H C l 3 - a c e t o n e ,  

9 5 : 5 )  o f  t h e  c r u d e  r e s i d u e  g a v e  7 .9  m g  ( 5 5 % )  o f  50: m p  1 7 7 - 1 7 8 . 5  ° C  

( C H C H - M e O H ) ;  I R  1 6 1 0 ,  1 5 8 0 , 1 4 4 5 ,  1 2 7 8 , 1 2 6 0  c m “ 1 ; N M R  S 1 3 . 8 2  

( s ,  1 H ) ,  1 3 . 4 8  ( s , 1  H ) ,  8 .0 0  ( d d ,  J^ =  7 .8  H z ,  J 2 =  1 . 2  H z ,  1  H ) ,  7 . 7 1  

( t , J , =  J 2 =  7 .8  H z ,  1 H ) , 7 . 3 3  ( d d , J 1 =  7 .8  H z ,  Jo =  1 . 2  H z , 1 H ) ,  4 .0 5  

(s , 4  H ) ,  4 .0 0  ( s , 3  H ) ,  3 . 1 4  ( b r  d ,  J  =  1 8  H z ,  2  H ) ,  2 ~ .8 - 1 .6  (m , 5  H ) ,  1 . 3 8  

( s , 3  H ) ;  M S  m /e  (% ) 4 1 0  (4 , M + ), 3 4 8  ( 2 ) ,  3 2 3  ( 2 ) ,  3 0 5  ( 1 ) ,  8 7  ( 1 0 0 ) ,  8 6

( 3 0 ) ;  m o l e c u l a r  io n  a t  m /e  4 1 0 . 1 3 7 8  ( t h e o r y  f o r  C 2 3 H 2 2 O 7 , 

4 1 0 . 1 3 6 5 ) .

8-Acetyl-7,8,9,10-tetrahydro-6,l 1 -dihydroxy-l-methoxy- 
5,12-naphthacenedione (51). A  s o l u t i o n  c o n s i s t i n g  o f  4 .2  m g  ( 0 .0 1  

m m o l)  o f  50 in  2  m L  o f  t h e  a c i d i c  s o l u t i o n  T H F - 5 %  H 2SC>4- a c e t o n e  

( 1 : 1 : 1 ) w a s  s t i r r e d  a t  5 0  ° C .  A f t e r  3 ,  3  m L  o f  5 %  N a H C C H  w a s  a d d e d  

a n d  t h e  r e s u l t i n g  m i x t u r e  w a s  e x t r a c t e d  w i t h  C H C I 3  t h r e e  t im e s .  T h e  

c o m b i n e d  e x t r a c t  w a s  w a s h e d  w i t h  b r i n e ,  d r i e d ,  a n d  e v a p o r a t e d  t o  

d r y n e s s .  P L C  p u r i f i c a t i o n  ( C H C l s - a c e t o n e ,  9 5 : 5 )  a f f o r d e d  3 . 3  m g  

(9 0 % )  o f  51, m p  2 4 3 - 2 4 5  ° C ,  i d e n t i c a l  in  a l l  r e s p e c t s  ( N M R ,  I R ,  a n d  

m a s s  s p e c t r a )  w i t h  a n  a u t h e n t i c  s p e c i m e n .50

(±)-7-Deoxydaunomycinone (52). T o  2 2 6  m g  ( 0 . 6 1 7  m m o l)  o f  51 
in  6 0  m L  o f  a c e t i c  a n h y d r i d e  w a s  a d d e d  7 0 5  m g  ( 3 .7  m m o l)  o f  p - t o l -  

u e n e s u l f o n i c  a c i d  ( m o n o h y d r a t e ) .  C o n t i n u o u s  s lo w  d i s t i l l a t i o n  o f  

a c e t i c  a n h y d r i d e  a n d  a c e t i c  a c i d  w a s  c a r r i e d  o u t  o v e r  6  h .  A n  a d d i 

t i o n a l  1 3 5  m g  o f  p - t o l u e n e s u l f o n i c  a c i d  w a s  t h e n  a d d e d ,  a n d  t h e  d i s 

t i l l a t i o n  w a s  c o n t i n u e d  f o r  a n o t h e r  3  h . A f t e r  r e m o v i n g  t h e  r e s i d u a l  

a c e t i c  a n h y d r i d e  in  v a c u o ,  t h e  r e s i d u e  w a s  d i s s o l v e d  in  C H C I 3  a n d  

c h r o m a t o g r a p h e d  o v e r  a  s i l i c a  g e l  c o lu m n  ( 1 . 5  X 2 1  c m ) . T h e  c o lu m n  

w a s  e lu t e d  w i t h  C H C I 3 , a n d  1 5 - m L  f r a c t io n s  w e r e  c o l le c t e d . F r a c t i o n s

7 - 1 1  w e r e  c o m b in e d  t o  g iv e  2 5 4  m g  ( 0 . 5 1 7  m m o l)  o f  a  m i x t u r e  o f  e n o l  

a c e t a t e s  a s  a n  o r a n g e - y e l lo w  s o l id .  T o  t h is  p a r t i a l 'y  p u r i f i e d  m a t e r i a l  

( 2 5 4  m g )  in  1 0  m L  o f  d r y  C H 2 C 1 2  w a s  a d d e d  3 1 5  m g  ( 1 . 5 5  m m o l)  o f  

m - c h l o r o p e r b e n z o i c  a c id .  A f t e r  1  h  a t  r o o m  t e m p e r a t u r e ,  T L C  

( C H C H - a c e t o n e ,  9 : 1 )  a n a l y s i s  s h o w e d  o n l y  o n e  m a jo r  n e w  c o m p o n e n t  

( e p o x y  a c e t a t e ) .  T o  t h i s  s o l u t i o n  w a s  a d d e d  1 6 0  m g  o f  N a 2 S 0 3 , a n d  

t h e  c o n t e n t s  w e r e  w a s h e d  w i t h  s a t u r a t e d  N a H C C H , d r i e d ,  a n d  e v a p 

o r a t e d  t o  y i e l d  2 7 3  m g  o f  a  y e l lo w  o i l ,  w h i c h  w a s  t r e a t e d  w i t h  8 .5  m L  

o f  0 .3  N  N a O H  in  5 0 %  e t h a n o l  f o r  4 0  m in  a t  r o o m  t e m p e r a t u r e .  A f t e r  

a c i d i f i c a t i o n  a n d  e x t r a c t i o n  w i t h  C H 2C 1 2 , t h e  r e s i d u e  c o n t a i n i n g  

p a r t i a l l y  h y d r o l y z e d  m a t e r i a l  w a s  t r e a t e d  w i t h  1 1  m L  o f  a n  a c i d i c  

s o l u t i o n  o f  1 5 0  m L  o f  g l a c i a l  a c e t i c  a c i d ,  0 .7 5  m L  o f  c o n c e n t r a t e d  

H9SO4 , a n d  5  m L  o f  H20 f o r  7 5  m in .  A f t e r  d i lu t i o n  w i t h  w a t e r ,  t h e  

r e a c t i o n  m i x t u r e  w a s  e x t r a c t e d  w i t h  C H 2C 1 2 , w a s h e d  w i t h  w a t e r ,  

d r i e d ,  a n d  e v a p o r a t e d  t o  y i e l d  1 9 6  m g  o f  c r u d e  r e d  s o l i d .  C h r o m a 

t o g r a p h y  o f  t h i s  c r u d e  m a t e r i a l  o v e r  a  s m a l l  s i l i c a  g e l  c o lu m n  ( e lu t io n  

w i t h  C H C H - a c e t o n e ,  9 9 : 1 )  a f f o r d e d  p u r e  52, m p  2 2 9 - 2 3 1  ° C ,  w h o s e

( N M R ,  I R ,  M S )  s p e c t r a  w e r e  i n d i s t i n g u i s h a b l e  f r o m  a n  a u t h e n t i c  

s a m p l e .
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A  n e w  r o u t e  t o  ( ± ) - e m e t i n e  ( 2 )  v i a  t h e  p r o t o e m e t i n e  d e r i v a t i v e  2 9  h a s  b e e n  d e v e l o p e d .  P r o t o b e r b e r i n e  d e r i v a 

t i v e s  3 ,  4 , 5 ,  a n d  6  w e r e  c o n v e r t e d  i n t o  t h e  a - d i k e t o n e  m o n o t h i o k e t a l  2 5 ,  w h ic h  u p o n  c l e a v a g e  w i t h  p o t a s s i u m  h y 

d r o x i d e ,  f o l l o w e d  b y  d e s u l f u r i z a t i o n  a n d  e s t e r i f i c a t i o n ,  y i e l d e d  t h e  p r o t o e m e t i n e  d e r i v a t i v e  2 9 .

Because of the structural and biosynthetic parallelism 
between the ipecac and various indole alkaloids, 1 the devel
opment of efficient synthetic methods which could cover both 
of these classes of alkaloids has a significant practical value. 
We report here a new synthesis of (±)-emetine (2) , 2 a repre-

4 5

5 : R,=R.=Me, R_=CH,C,Hc, R, = R,- = H1 4  2 ¿ o h  i h
6 : R 1= R 4= M e # R2=CH2 C6H 5 , R3=C N , R5=H

sentative ipecac alkaloid and one of the most synthesized 
natural products known,3 by a completely new method which 
would be generally applicable to the synthesis of both the 
ipecac and the indole alkaloids.4

The present method proceeds through Woodward fission,5 
which had been once thought to be involved in the biogenetic 
pathways of the ipecac and some of the indole alkaloids. The 
fission between C-10 and C-ll of a tetrahydroprotoberberine 
precursor (e.g., 1) was realized chemically by the cleavage 
reaction6 of an a-diketone monothioketal intermediate 25 
derived from tetrahydroprotoberberine precursors 3, 4, 5, and 
6 .

The starting tetrahydroprotoberberine framework was 
prepared by two different approaches. In the first approach, 
the tetrahydroprotoberberine 3 was obtained in 47% overall 
yield from 3-methoxybenzyl cyanide. Hydrolysis of 3- 
methoxybenzyl cyanide, prepared from o -chloroanisole and 
acetonitrile by a benzyne reaction7 with methanolic potassium 
hydroxide, gave 3-methoxyphenylacetic acid (7), which on 
condensat. on with homoveratrylamine at 180 °C yielded the 
phenylacetamide 8 in 92% yield. The Bischler-Napieralski 
cyclization by phosphorus oxychloride provided the 3,4- 
dihydroisoquinoline 10 in 98% yield. This material was re

8 : R=Me 10 : R=Me 12 : R=Me
9 : R=CK2C6H5 11 : R=CH2C6H5 13 : R=CH2C6H5

duced with sodium borohydride followed by treating with 
ethereal hydrogen chloride to form the 1,2,3,4-tetrahydro- 
isoquinoline hydrochloride 12 nearly quantitatively. Mannich 
condensation of the hydrochloride with 35% formalin in 
methyl alcohol produced the crystalline hydrochloride of
2,3,11-trimethoxytetrahydroprotoberberine (3) in 85% 
yield.

In the second approach, the tetrahydroprotoberberine 4, 
a synthetic equivalent of 3, was prepared by a more straight
forward way using the method developed by Kametani et al.8 
Thermolysis of a 1 :1  mixture of l-cyano-5-methoxybenzocy- 
clobutene (14)9 and 3,4-dihydro-6,7-dimethoxyisoquinoline 
(16)10 without solvent at 140-150 °C resulted in regioselective

4 (from 16) 
or

6 (from 17)

17 : R=CH,C,Ht-

intermolecular cycloaddition to form 13-cyano-2,3,ll-tri- 
methoxytetrahydroprotoberberine (4) via the o-quinodi- 
methane intermediate 15 in 50% yield. The product 4 pos
sessed a superfluous cyano group at C-13. However, this could 
be easily removed in a subsequent stage.

Dissolving metal reduction of the tetrahydroprotoberber- 
ines 3 and 4 using lithium in liquid ammonia in the presence 
of t e r t -butyl alcohol afforded the enol ether 18 in 76 and 74%

yields, respectively. In the latter case, reductive décyanation 
occurred in preference to reduction of the aromatic rings, as 
observed in a related system.11 Although attempts at selective 
reduction of ring D to give 23 under Birch conditions were 
unsuccessful, a selective aromatization of ring A of the enol
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ether 18 could be accomplished by using (V-chlorosuccinim- 
ide.

Upon treatment of the enol ether 18 with an equivalent 
molar amount of W-chlorosuccinimide in methylene chloride, 
the a,|3-unsaturated ketone 2012 was obtained directly in 63% 
yield. During the conversion an immonium salt 19 could be 
formed initially,13 and concurrent hydrolysis of the enol ether 
group on the D ring by moisture contained in the solvent and 
subsequent isomerization of the double bonds could occur to 
give the thermodynamically more stable compound 2 0 .

In order to avoid overreduction under the Birch conditions, 
alternative tetrahydroprotoberberines, 5 and 6 , possessing a 
2 -benzyloxy group as a regiocontrol element were prepared 
by employing the same two approaches as above. Birch re
duction of the protoberberine 5, obtained in 62% overall yield 
from the phenylacetic acid 7 by the first approach, followed 
by treating with ethereal diazomethane afforded the ring D 
enol ether 23 in 84% yield. Similarly, the 13-cyanoproto-

23 : R=Me

berberine 6 , generated in 60% yield of thermolysis of the
3,4-dihydroisoquinoline 1714 and the benzocyclobutene 14,9 
afforded the identical enol ether 239 in 76.5% yield. In these 
conversions, initial formation of the phenolate anion 21 
through reductive cleavage of the benzyl ether could allow a 
preferential reduction of the D ring to give 23. Conversion of 
the enol ether 23 into the a,j3-unsaturated ketone 2012 was 
achieved in 84% yield by heating with methanolic hydrochloric 
acid.

Catalytic hydrogenation of the a,/3-unsaturated ketone 20 
on 1 0% palladized carbon in methyl alcohol achieved a highly 
stereospecific reduction to furnish the C/D trans ketone 24

in 89% yield, although an actual stereochemistry could not be 
determined at this stage since none of the characteristics ap
peared spectroscopically.

Treatment of the ketone 24 with pyrrolidine in boiling 
benzene for 2  h followed by trimethylene dithiotosylate15 
yielded the a-diketone monothioketal 25 in 65% yield ac
companied by its regioisomer 26 in 9% yield. Similar to the 
ketone 24, the actual structures of the products could not be 
assigned at this point. In this transformation, the ratio of the 
products was greatly influenced by the amount of enamine 
formed. Longer heating resulted in a higher yield of the un
wanted isomer 26, while a minimum heating period was de
sirable for the preferential formation of the target compound 
25.

Cleavage of the a-diketone monothioketal 25 by potassium 
hydroxide16 afforded the crude thioacetal carboxylic acid 27, 
which on esterification with diazomethane gave rise to the 
corresponding thioacetal ester 28 in a well-defined crystalline 
form in 94% overall yield. Heating 28 with Raney nickel cat
alyst (W-2) in boiling methyl alcohol effected the desulfuri
zation of the thioacetal group to give the crystalline pro

toemetine derivative 29 in 92% yield. Although the physical 
properties were in agreement with the reported data17 and the 
synthesis of the compound 29 constitutes a formal synthesis 
of (±)-emetine (2 ), further structure confirmation was made 
by the conversion into (±)-emetine (2 ) via a three-step se
quence developed by Battersby and Turner.18 Complete 
identity with the authentic material led to confirmation of 
structures 24, 25, and 28.

Since the indole analogues of the tetrahydroprotoberberines 
have been prepared, 19 the synthesis of structurally parallel 
indole alkaloids, such as the corynantheine-type alkaloids, can 
be conceived by appropriate modification of the present ap
proach.

Experimental Section
M e l t i n g  p o in t s  w e r e  d e t e r m in e d  o n  a  Y a n a g i m o t o  M P - S 2  a p p a r a t u s  

a n d  a r e  u n c o r r e c t e d .  I n f r a r e d  a b s o r p t i o n  s p e c t r a  w e r e  r e c o r d e d  o n  

a  S h i m a d z u  I R  4 0 0  i n s t r u m e n t ,  a n d  p r o t o n  m a g n e t i c  r e s o n a n c e  

s p e c t r a ,  f o r  d e u t e r i o c h lo r o f o r m  s o l u t i o n s ,  w e r e  r e c o r d e d  o n  J e o l  P S  

1 0 0  a n d  P M X  6 0  s p e c t r o m e t e r s  w i t h  t e t r a m e t h y l s i l a n e  a s  a n  in t e r n a l  

r e f e r e n c e .  M a s s  s p e c t r a  w e r e  r e c o r d e d  o n  a  H i t a c h i  R M U - 7  s p e c 

t r o m e t e r .

3-Methoxyphenylacetic Acid (7). A  s o lu t io n  o f  3 - m e t h o x y b e n z y l  

c y a n i d e  ( 5 8 .0  g , 0 .4 1  m o l)  in  e t h y l  a lc o h o l  ( 1 1 1 0  m L )  c o n t a i n i n g  K O H  

( 1 3 2 . 2  g , 2 . 2  m o l)  w a s  r e f l u x e d  f o r  1 4  h . T h e  s o l v e n t  w a s  r e m o v e d  in  

v a c u o ,  a n d  t h e  r e s i d u e  w a s  d i s s o l v e d  in  w a t e r  ( 3 0 0  m L ) .  T h e  a q u e o u s  

l a y e r  w a s  w a s h e d  t w i c e  w i t h  m e t h y le n e  c h lo r i d e  a n d  a c i d i f i e d  w i t h  

c o n c e n t r a t e d  H C 1  t o  l i b e r a t e  t h e  c a r b o x y l i c  a c i d .  T h e  m i x t u r e  w a s  

e x t r a c t e d  w i t h  m e t h y le n e  c h lo r i d e ,  w a s h e d  w i t h  w a t e r ,  d r i e d  o v e r  

N a 2 SC>4 , a n d  e v a p o r a t e d  t o  l e a v e  a  c r y s t a l l i n e  m a s s  w h i c h  w a s  r e 

c r y s t a l l i z e d  f r o m  n -h e x a n e  t o  g iv e  7 ( 5 9 .6  g , 9 1 % )  a s  c o lo r le s s  p r i s m s :  

m p  6 7 . 5 - 6 8 . 5  ° C  ( l i t . 2 0 m p  6 7  ° C ) ;  I R  r max ( N u jo l )  ~ 2 4 0 0 , 1 6 9 5  c m - ' ;  

N M R  a 1 1 . 9  ( 1  H ,  s ) ,  7 . 4 - 6 . 8 5  (4  H ,  m ) ,  3 . 7 5  ( 3  H ,  s ) ,  3 .6  ( 2  H ,  s ) .

IV-[2-(3,4-Dimethoxyphenyl)ethyl]-3-methoxyphenyl- 
acetamide ( 8 ) . A  m i x t u r e  o f  2 - ( 3 , 4 - d i m e t h o x y p h e n y l ) e t h y l a m i n e  

( 1 . 3 4  g ,  7 .4  m m o l)  a n d  3 - m e t h o x y p h e n y l a c e t i c  a c i d  (7; 1 . 2 3  g ,  7 .4  

m m o l)  w a s  h e a t e d  a t  1 3 0  ° C  f o r  0 .5  h  a n d  t h e n  a t  1 7 0 - 1 8 0  ° C  f o r  2 .5  

h , r e m o v i n g  w a t e r  b y  m e a n s  o f  a n  a s p i r a t o r .  A f t e r  c o o l in g ,  t h e  c r y s 

t a l l i n e  r e s i d u e  w a s  r e c r y s t a l l i z e d  f r o m  b e n z e n e  a n d  n - h e x a n e  t o  g i v e  

8  ( 2 .2 6  g ,  9 2 % )  a s  c o l o r l e s s  p r i s m s :  m p  1 0 4 . 5 - 1 0 6  ° C ;  I R  i>max ( N u jo l )  

3 2 7 0 , 1 6 4 0  c m - 1 ; N M R  h 5 .5 0  ( 1  H ,  b r d  s ; d i s a p p e a r e d  w i t h  D 2 0 ) ,  3 .8 0  

( 3  H ,  s ) ,  3 . 7 5  ( 3  H ,  s ) ,  3 .7 0  (3  H ,  s ) ,  3 .4 5  ( 2  H ,  s ) ,  3 .4 0  ( 2  H ,  t ,  J  =  7 .0  

H z ) ,  2 .7 0  ( 2  H , t , J  =  7 .0  H z ) ;  M S  m le  3 2 9  ( M + ). A n a l .  C a l c d  f o r  

C 19 H o3 N 0 4: C ,  6 9 .2 8 ;  H .  7 .0 4 ;  N ,  4 . 2 5 .  F o u n d :  C ,  6 9 .2 6 ;  H ,  7 . 1 9 ;  N ,

4 .2 9 .

3.4- Dihydro-6,7-dimethoxy-l-(3-methoxybenzyl)isoquinoline 
Hydrochloride (10). A  s o l u t i o n  o f  8  ( 3 7 . 1 5  g , 1 1 3  m m o l)  in  b e n z e n e  

( 2 5 0  m L )  w a s  r e f l u x e d  w i t h  p h o s p h o r u s  o x y c h l o r i d e  ( 3 4 .9 4  g , 2 2 6  

m m o l)  f o r  4  h . T h e  s o lv e n t  w a s  r e m o v e d  in  v a c u o ,  a n d  t h e  r e s i d u e  w a s  

w a s h e d  s e v e r a l  t i m e s  w i t h  h o t  n - h e x a n e  t o  l e a v e  a  c r y s t a l l i n e  m a s s  

w h ic h  w a s  r e c r y s t a l l i z e d  f r o m  i s o p r o p y l  a lc o h o l  a n d  n - h e x a n e  t o  g i v e  

10 ( 3 9  g , 9 8 % )  a s  c o l o r l e s s  p r i s m s :  m p  1 1 8 . 5 - 1 2 0  ° C ;  I R  c max ( N u jo l )  

1 6 4 0  c m “ 1 ; N M R  ( C D C I 3 +  C F 3C 0 2 H )  5 4 . 3 8  ( 2  H ,  s ) ,  4 . 1 0  ( 3  H ,  s ) ,

3 .8 7  ( 3  H ,  s ) ,  3 .8 2  ( 3  H ,  s ) ,  3 . 1 1  ( 2  H ,  t ,  J  =  8 .0  H z ) ;  M S  m /e  3 1 1  ( M + ) .  

A n a l .  C a l c d  f o r  C i s H a N O s C l - H g O :  C ,  6 2 .3 5 ;  H ,  6 . 6 1 ;  N ,  3 .8 3 .  F o u n d :  

C ,  6 2 .4 3 ;  H ,  6 . 1 3 ;  N ,  3 .6 4 .

1.2.3.4- Tetrahydro-6,7-dimethoxy-l-(3-methoxybenzyl)iso- 
quinoline Hydrochloride (12). T o  a n  ic e - c o o l e d  s o l u t i o n  o f  10 ( 2 .5  

g , 6 , 8  m m o l)  in  m e t h y l  a lc o h o l  ( 2 0  m L )  w a s  a d d e d  N a B H 4 ( 1 . 5 5  g ,  4 1  

m m o l)  in  s m a l l  p o r t io n s  w i t h  s t i r r i n g .  T h e  s o l v e n t  w a s  e v a p o r a t e d  in  

v a c u o ,  a n d  t h e  r e s i d u e  w a s  t r e a t e d  w i t h  1 0 %  N H 4O H  ( 4 0  m L )  a n d  

e x t r a c t e d  w i t h  m e t h y le n e  c h lo r i d e .  T h e  e x t r a c t  w a s  w a s h e d  w i t h  

s a t u r a t e d  N a C l ,  d r i e d  o v e r  K 2 C O 3 , a n d  e v a p o r a t e d  t o  l e a v e  a  c r y s 

t a l l i n e  r e s i d u e  ( 1 . 5 3  g , 7 1 . 3 % )  w h i c h  w a s  c o n v e r t e d  i n t o  t h e  h y d r o 

c h lo r i d e  1 2  b y  t r e a t i n g  w i t h  s a t u r a t e d  e t h e r e a l  h y d r o g e n  c h lo r i d e  in  

i s o p r o p y l  a lc o h o l :  c o l o r l e s s  p r i s m s ;  m p  1 0 2 - 1 0 4  ° C ;  N M R  ( C D C I 3  +  

C F 3 C 0 2 H )  S 3 .8 0  ( 3  H ,  s ) ,  3 .7 7  (3  H , s ) ,  3 .7 5  ( 3  H ,  s ) ;  M S  m / e  3 1 3  ( M + ) .  

A n a l .  C a l c d  fo r  C 19 H 24N 0 8C 1 -H 20 !l C ,  6 2 .0 3 ;  H ,  7 . 1 2 ;  N ,  3 . 8 1 ;  C l ,  9 .6 4 . 

F o u n d :  C ,  6 1 . 7 9 ;  H ,  6 . 8 1 ;  N ,  3 .8 2 ;  C l ,  9 .5 7 .

2,3,11-Trimethoxytetrahydroprotoberberine Hydrochloride
(3). A  s o l u t i o n  o f  12 ( 0 . 1  g , 0 .2 9  m m o l)  in  e t h y l  a l c o h o l  ( 1 0  m L )  w a s  

r e f l u x e d  w i t h  3 7 %  f o r m a l i n  ( 0 .5 4  g, 1 8  m m o l)  f o r  4 5  m in .  R e m o v a l  o f  

t h e  s o l v e n t  in  v a c u o  l e f t  a  c r y s t a l l i n e  m a s s  w h i c h  w a s  r e c r y s t a l l i z e d  

f r o m  i s o p r o p y l  a lc o h o l  t o  g iv e  3 ( 0 .0 8 5  g , 8 5 % )  a s  c o lo r le s s  p r i s m s :  m p  

1 8 5 - 1 8 7  ° C ;  I R  r max ( N u jo l )  2 8 5 0 - 2 7 0 0 , 1 6 0 0  c m - 1 ; N M R  ( C D C 1 3  +  

C F 3 C O 2 H )  5 3 .8 5  ( 3  H ,  s ) ,  3 .8 0  (3  H ,  s ) ,  3 . 7 5  ( 3  H ,  s ) ;  M S  m /e  3 2 5  ( M + ) .  

A n a l .  C a l c d  f o r  C 2o H 24N 0 3C l - H 2 0 : C ,  6 3 . 2 3 ;  H ,  6 .9 0 ;  N ,  3 .6 9 ;  C l ,  9 .3 3 .  
F o u n d :  C ,  6 3 .4 5 ;  H ,  6 .9 4 ; N ,  3 .6 5 ;  C l ,  9 .4 5 .
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13-Cyano-2,3,l 1-trimethoxytetrahydroprotoberberine (4).
A  m ix t u r e  o f  3 , 4 - d i h y d r o - 6 ,7 - d i m e t h o x y i s o q u i n o l i n e  (16; 2 .3 2  g , 1 2 . 2  

m m o l)  a n d  l - c y a n o - 5 - m e t h o x y b e n z o c y c l o b u t e n e  (14; 1 . 9 3  g ,  1 2 . 2  

m m o l)  w a s  h e a t e d  a t  1 5 0  ° C  f o r  5 .5  h  u n d e r  a n  a t m o s p h e r e  o f  n i t r o g e n .  

T h e  r e a c t i o n  m i x t u r e  w a s  c r y s t a l l i z e d  f r o m  e t h y l  a l c o h o l  t o  g i v e  

p r a c t i c a l l y  p u r e  4 ( 2 .0 9  g , 5 0 % )  a s  p a l e  y e l lo w  p r i s m s :  m p  1 7 4 - 1 7 6  ° C ;  

I R  i w  ( N u jo l )  2 8 5 0 - 2 7 5 0 ,  2 2 3 0  c m ' 1 ; N M R  & 6 .6 7  ( 1  H ,  s ) ,  6 .6 4  ( 1  

H , s ) ,  4 .2 9  ( 1  H ,  d , J  =  3 .0  H z ) ,  3 .9 2  ( 6  H ,  s ) ,  3 .8 4  ( 3  H ,  s ) ;  M S  m /e  3 5 0  

( M + ) .  A n a l .  C a l c d  f o r  C 2 1 H 2 2 O 3 N 2 : C ,  7 1 . 9 8 ;  H ,  6 . 3 3 ;  N ,  8 .0 0 .  F o u n d :  

C ,  7 1 . 9 4 ;  H ,  6 .2 5 ;  N ,  8 .0 0 .

1,4,9,12-Tetrahydro-2,3,11-trimethoxytetrahydroprotober- 
berine (18). A. T o  a  s t i r r i n g  s o l u t i o n  o f  3 ( 3 . 5  g ,  1 0 . 7  m m o l)  in  a  

m i x t u r e  o f  t e t r a h y d r o f u r a n  (48 m L ) ,  tert - b u t y l  a lc o h o l  (48 m L ) ,  a n d  

l i q u i d  a m m o n i a  ( 2 0 0  m L )  w a s  a d d e d  l i t h i u m  ( 2 .5 6  g , 0 .3 7  g - a t o m )  in  

s m a l l  p o r t i o n s .  A f t e r  t h e  s t i r r i n g  w a s  c o n t i n u e d  f o r  1  h , t h e  r e a c t i o n  

m ix t u r e  w a s  t r e a t e d  w i t h  N H 4C 1  ( 2 5  g )  a n d  a m m o n ia  w a s  e v a p o r a t e d .  

T h e  r e s i d u e  w a s  e x t r a c t e d  w i t h  m e t h y le n e  c h lo r i d e ,  w a s h e d  w i t h  

w a t e r ,  d r i e d  o v e r  N a 2 SC>4 , a n d  e v a p o r a t e d  t o  l e a v e  a  c r y s t a l l i n e  m a s s  

w h ic h  w a s  r e c r y s t a l l i z e d  f r o m  i s o p r o p y l  a lc o h o l  t o  g iv e  18 ( 2 .7  g , 7 6 % )  

a s  p a le  y e l lo w  p r i s m s :  m p  1 1 1 . 5 - 1 1 4  ° C ;  N M R  5 4 .6 0  ( 1  H ,  b r d  s ) ,  3 .6 2  

(3  H , s ) ,  3 .6 0  ( 3  H , s ) ,  3 .5 0  ( 3  H ,  s ) ;  M S  m /e  3 2 9  ( M + ) .  A n a l .  C a l c d  f o r  

C 2oH 27  N 0 3 : C ,  7 2 . 9 2 ;  H ,  8 .2 6 ;  N ,  4 . 2 5 .  F o u n d :  C ,  7 3 . 0 7 :  H , 8 . 1 2 ;  N ,
4 . 1 9 .

B .  T o  a  s t i r r i n g  s o l u t i o n  o f  4  ( 0 .7  g , 2  m m o l)  in  a  m i x t u r e  o f  t e t r a 

h y d r o f u r a n  ( 5  m L ) ,  f e r i - b u t y l  a lc o h o l  ( 6  m L ) ,  a n d  l i q u i d  a m m o n i a  

( 1 3 0  m L )  w a s  a d d e d  l i t h i u m  ( 1 . 5  g , 0 .2 2  g - a t o m )  in  s m a l l  p o r t i o n s .  

A f t e r  t h e  s t i r r i n g  w a s  c o n t i n u e d  f o r  6  h ,  t h e  r e a c t i o n  m i x t u r e  w a s  

t r e a t e d  w i t h  N H 4C 1  ( 1 0  g )  a n d  a m m o n i a  w a s  e v a p o r a t e d .  T h e  r e s i d u e  

w a s  e x t r a c t e d  w it h  m e t h y le n e  c h lo r id e ,  w a s h e d  w i t h  w a t e r ,  d r ie d  o v e r  

N a 2 SC>4 , a n d  e v a p o r a t e d  t o  l e a v e  a  c r y s t a l l i n e  m a s s  w h i c h  w a s  r e 

c r y s t a l l i z e d  f r o m  i s o p r o p y l  a l c o h o l  t o  g i v e  1 8  ( 0 .4 8 7  g , 7 4 % )  a s  p a l e  
y e l lo w  p r i s m s ,  m p  1 1 1 . 5 - 1 1 4  ° C .

5,6,8,8a,9,10,13,13a-Octahydro-2,3-dimethoxy-l 1 H-diben- 
zoja.gjquinolizin-l l-one (20). T o  a  s t i r r i n g  s o l u t i o n  o f  18 ( 0 . 1 5  g ,

0 .4 6  m m o l)  in  m e t h y le n e  c h lo r i d e  ( 3 5  m L )  w a s  a d d e d  N - c h l o r o s u c -  

c in im i d e  ( 0 .0 6 1  g ,  0 .4 6  m m o l)  in  m e t h y le n e  c h lo r id e  ( 5  m L )  d r o p w is e  

a t  — 1 0  ° C ,  a n d  t h e  s t i r r i n g  w a s  c o n t i n u e d  f o r  1 0  h  a t  r o o m  t e m p e r a 

t u r e .  T h e  r e a c t io n  m i x t u r e  w a s  w a s h e d  w i t h  s a t u r a t e d  N a H C 0 3, a n d  

t h e  o r g a n i c  l a y e r  w a s  d r i e d  o v e r  N a 2 S 0 4 . R e m o v a l  o f  t h e  s o l v e n t  in  

v a c u o  l e f t  a  c r y s t a l l i n e  r e s i d u e  w h ic h  w a s  r e c r y s t a l l iz e d  f r o m  i s o p r o p y l  

a l c o h o l  t o  g i v e  2 0  ( 0 . 1  g , 6 3 % )  a s  y e l lo w  p r i s m s :  m p  1 8 7 - 1 8 9  ° C  ( l i t . 12  

m p  1 8 5 - 1 8 7  ° C )  I R  c max ( N u jo l )  2 7 5 0 - 2 6 5 0 , 1 6 6 0  c m “ 1 ; N M R  5 6 .7 0  

( 1  H ,  s ) ,  6 . 6 8  ( 1  H ,  s ) ,  6 .0 5  ( 1  H ,  s ) ,  3 .8 9  ( 3  H ,  s ) ,  3 .8 8  ( 3  H ,  s ) ;  M S  m/e 
3 1 3  ( M + ) ,  2 8 2 .

]V-[2-(4-Benzyloxy-3-methoxyphenyl)ethyl]-3-methoxy- 
phenylacetamide (9). A  m i x t u r e  o f  2 - ( 4 - b e n z y l o x y - 3 - m e t h o x y -  

p h e n v l ) e t h y l a m i n e  ( 2 7 . 1  g, 1 0 0  m m o l)  a n d  3 - m e t h o x y p h e n y l a c e t i c  

a c i d  (7; 1 6 . 5  g , 1 0 0  m m o l)  w a s  h e a t e d  a t  1 7 0 - 1 8 0  ° C  f o r  1 h , r e m o v in g  

g e n e r a t e d  w a t e r  b y  m e a n s  o f  a n  a s p i r a t o r .  T h e  c r y s t a l l in e  r e s i d u e  t h u s  

f o r m e d  w a s  r e c r y s t a l l i z e d  f r o m  b e n z e n e  t o  g i v e  9  ( 3 7 .6  g , 9 3 % )  a s  

c o lo r le s s  n e e d le s :  m p  1 1 6 . 5 - 1 1 7  ° C ;  I R  cmax ( N u jo l )  3 2 8 0 , 1 6 4 0  c m - 1 ; 

N M R  5 5 . 3 5  ( 1  H ,  b r d  s ; d i s a p p e a r e d  w i t h  D 2 O ) , 5 .0 8  ( 2  H , s ) ,  3 . 8 3  ( 3  

H ,  s ) ,  3 .8 0  ( 3  H ,  s ) ,  3 .4 7  ( 2  H ,  s ) ,  2 .6 3  ( 2  H , t ,  J  =  7 .5  H z ) ;  M S  m /e  4 0 5  

( M + ). A n a l .  C a l c d  f o r  C 2 5 H 2 7 N O 4 : C ,  7 4 .4 2 ;  H . 6 .2 5 ;  N ,  3 .4 7 .  F o u n d :  

C ,  7 4 . 1 6 ;  H ,  6 . 5 3 ;  N ,  3 . 5 3 .

7-Benzyloxy-3,4-dihydro-6-methoxy- l-(3-methoxy benzyl )- 
isoquinoline Hydrochloride ( 1 1 ) .  A  s o lu t io n  o f  9  ( 5 .0 3  g , 1 2 . 5  m m o l)  

in  b e n z e n e  ( 8 5  m L )  w a s  r e f l u x e d  w i t h  p h o s p h o r u s  o x y c h l o r i d e  ( 3 .0 6  

g , 2 0  m m o l)  f o r  2 .5  h . T h e  s o l v e n t  w a s  r e m o v e d  in  v a c u o ,  a n d  t h e  

r e s i d u e  w a s  w a s h e d  s e v e r a l  t i m e s  w i t h  h o t  n - h e x a n e  t o  l e a v e  a  c r y s 

t a l l i n e  m a s s  w h i c h  w a s  r e c r y s t a l l i z e d  f r o m  i s o p r o p y l  a lc o h o l  t o  g iv e  

1 1  ( 4 .9 2  g , 9 3 % )  a s  p a l e  y e l lo w  n e e d le s :  m p  1 8 0 . 5 - 1 8 1 . 5  ° C ;  I R  i<max 

( N u jo l )  1 6 4 0  c m ' 1 ; N M R  ( C D C 1 3  +  C F 3 C 0 2 H )  h 7 .4 2  ( 5  H , s ) ,  5 . 1 2  ( 2  

H ,  s ) ,  4 . 3 2  ( 2  H , s ) ,  4 .0 3  ( 3  H ,  s ) ,  3 .8 0  ( 3  H ,  s ) ,  3 .0 9  ( 2  H ,  t ,  J  =  7 .5  H z ) ; 

M S  m /e  3 8 7  ( M + ). A n a l .  C a l c d  f o r  C 2 5 H 26N 0 3 C 1 :  C ,  7 0 . 8 2 ;  H ,  6 . 1 8 ;  

N ,  3 . 3 0 ;  C l ,  8 .3 7 .  F o u n d :  C ,  7 1 . 0 3 ;  H , 6 . 1 4 ;  N ,  3 . 1 6 ;  C l ,  8 .0 4 .
7-Benzyloxy-l,2,3,4-tetrahydro-6-methoxy-l-(3-methoxy- 

benzyl)isoquinoline Hydrochloride (13). T o  a n  ic e - c o o le d  s o lu t io n  

o f  1 1  ( 4 . 2 1  g , 1 0  m m o l)  in  m e t h y l  a l c o h o l  ( 3 0  m L )  w a s  a d d e d  N a B H 4 

( 2 .4  g ,  6 0  m m o l)  in  s m a l l  p o r t i o n s  w i t h  s t i r r i n g .  T h e  s o l v e n t  w a s  r e 

m o v e d  in  v a c u o ,  a n d  t h e  r e s i d u e  w a s  e x t r a c t e d  w i t h  b e n z e n e ,  w a s h e d  

w i t h  w a t e r ,  d r i e d  o v e r  N a 2 S 0 4, a n d  e v a p o r a t e d  in  v a c u o .  T h e  r e s i d u e  

w a s  d i s s o lv e d  in  i s o p r o p y l  a lc o h o l  a n d  t r e a t e d  w i t h  s a t u r a t e d  e t h e r e a l  

h y d r o g e n  c h lo r i d e  t o  g i v e  13 ( 3 .7  g ,  8 7 % )  a s  c o l o r l e s s  p r i s m s :  m p  

1 9 4 - 1 9 7  ° C ;  N M R  ( C D C 1 3 +  C F 3 C 0 2 H )  6 7 .4 0  ( 5  H ,  s ) ,  4 .9 9  ( 2  H ,  s ) ,

4 .7 8  ( 1  H ,  b r d  s ; d i s a p p e a r e d  w i t h  D 20 ) ,  3 .8 8  (3  H , s ) ,  3 .7 6  ( 3  H ,  s ) ;  M S  

m /e  3 8 9  ( M + ) .  A n a l .  C a l c d  f o r  C 25H 28N O 3 C I: C ,  7 0 .4 9 ; H , 6 .6 3 ; N ,  3 .2 9 ;  

C l ,  8 . 3 3 .  F o u n d :  C ,  7 0 . 3 7 ;  H ,  6 . 3 7 ;  N ,  3 . 2 1 ;  C l ,  8 . 1 8 .
2-Benzyloxy-3,l 1 -dimethoxytetrahydroprotoberberine Hy

drochloride ( 5 ) .  A  s o l u t i o n  o f  13 ( 9 .0  g , 2 3 . 1  m m o l)  in  i s o p r o p y l  a l 

c o h o l  ( 1 2 0  m L )  w a s  r e f l u x e d  w i t h  3 7 %  f o r m a l i n  ( 1 6 . 7  g ,  2 0 5  m m o l)  fo r  

1  h . A f t e r  c o o l in g ,  t h e  s e p a r a t i n g  c y r s t a l l i n e  m a s s  w a s  f i l t e r e d  o f f  a n d  

r e c r y s t a l l i z e d  f r o m  i s o p r o p y l  a l c o h o l  t o  g i v e  5  ( 8 .0  g , 8 6 % ) a s  p a le  

y e l lo w  n e e d l e s ,  m p  1 9 4 - 1 9 6  ° C .  T h e  f r e e  b a s e  o b t a i n e d  f r o m  t h e  h y 

d r o c h lo r id e  w a s  r e c r y s t a l l iz e d  f r o m  m e t h y l  a lc o h o l  t o  g iv e  p a le  y e l lo w  

n e e d le s :  m p  9 2 - 9 4  ° C ;  N M R  f> 7 .4 3  ( 5  H , s ) ,  5 . 0 1  ( 2  H ,  s ) ,  3 .8 9  ( 3  H ,  s ) ,

3 .8 0  ( 3  H ,  s ) ;  M S  m /e  4 0 1  ( M + ) .  A n a l .  C a l c d  f o r  C 26H 2 7 0 3 N :  C ,  7 7 .7 8 ;  

H ,  6 .7 8 ;  N ,  3 .4 9 .  F o u n d :  C ,  7 7 .4 9 ;  H ,  6 .6 5 ;  N ,  3 .2 8 .

2-Benzyloxy- 13-cyano-3,11 -dimethoxytetrahydroprotober- 
berine ( 6 ) . A  m i x t u r e  o f  7 - b e n z y l o x y - 3 , 4 - d i h y d r o - 6 - m e t h o x y i s o -  

q u i n o l i n e  ( 1 7 ;  1 . 1 5  g ,  5  m m o l)  a n d  l - c y a n o - 5 - m e t h o x y b e n z o c y c l o -  

b u t e n e  (14; 0 .9  g , 5 .6  m m o l)  w a s  h e a t e d  a t  1 3 5 - 1 4 0  ° C  f o r  3 . 5  h  u n d e r  

a n  a t m o s p h e r e  o f  n i t r o g e n .  T h e  r e a c t i o n  m i x t u r e  w a s  t r e a t e d  w i t h  

e t h y l  a lc o h o l  t o  g i v e  p r a c t i c a l l y  p u r e  6  ( 1 . 1 6  g ,  6 0 % )  a s  c o l o r l e s s  n e e 

d l e s :  m p  1 7 2 - 1 7 4  ° C ;  I R  c max ( N u jo l )  2 8 5 0 - 2 7 5 0 ,  2 2 3 0  c m - 1 ; N M R

5 7 . 3 3  ( 5  H ,  s ) ,  5 .0 8  ( 2  H ,  s ) ,  3 . 8 3  ( 3  H ,  s ) ,  3 . 7 3  ( 3  H ,  s ) ;  M S  m /e  4 2 6  

( M + ) .  A n a l .  C a l c d  f o r  C 2 7 H 260 3N 2: C ,  7 6 . 0 3 ;  H ,  6 . 1 5 ;  N ,  6 .5 7 .  F o u n d :  

C ,  7 6 .3 4 ;  H ,  6 . 1 3 ;  N ,  6 .4 9 .

9.12- Dihydro-2-hydroxy-3,ll-dimethoxytetrahydroproto- 
berberine (22). A. T o  a  s t i r r i n g  s o l u t i o n  o f  5  ( 1 1 . 0  g ,  2 5  m m o l)  in  a  

m i x t u r e  o f  t e t r a h y d r o f u r a n  ( 6 0  m L ) ,  tert - b u t y l  a lc o h o l  ( 7 0  m L ) ,  a n d  

l i q u i d  a m m o n i a  ( 3 0 0  m L )  w a s  a d d e d  l i t h i u m  ( 5 .5  g ,  0 .7 9  g - a t o m )  in  

s m a l l  p o r t i o n s .  A f t e r  t h e  s t i r r i n g  w a s  c o n t i n u e d  f o r  1  h ,  t h e  r e a c t i o n  

m ix t u r e  w a s  t r e a t e d  w it h  N H 4C I ( 3 0  g )  a n d  a m m o n ia  w a s  e v a p o r a t e d .  

T h e  r e s i d u e  w a s  n e u t r a l i z e d  w i t h  c o n c e n t r a t e d  h y d r o c h l o r i c  a c id ,  

e x t r a c t e d  w i t h  m e t h y le n e  c h lo r i d e ,  w a s h e d  w i t h  w a t e r ,  d r i e d  o v e r  

N a 2 S 0 4 , a n d  e v a p o r a t e d  t o  l e a v e  a  c r y s t a l l i n e  m a s s  w h ic h  w a s  r e c 

r y s t a l l i z e d  f r o m  m e t h y l  a lc o h o l  t o  g i v e  22 ( 6 .4  g , 8 2 % )  a s  c o lo r le s s  

n e e d l e s :  m p  1 7 9 . 5 - 1 8 0 . 5  ° C ;  I R  cmax ( N u jo l )  3 4 0 0 ,  2 7 5 0 - 2 6 5 0 ,  1 6 6 0  

c m - 1 ; N M R  d 6 . 7 1  ( 1  H ,  s ) ,  6 .5 3  ( 1  H ,  s ) ,  4 .8 5  ( 1  H , b r d  s ; d i s a p p e a r e d  

w i t h  D 2 0 ) ,  4 . 6 2  ( 1  H ,  b r d  s ) ,  3 .8 0  ( 3  H , s ) ,  3 . 5 3  ( 3  H ,  s ) ;  M S  m /e  3 1 3  

( M + ) .  A n a l .  C a l c d  f o r  C i 9H 2 3 0 3 N : C ,  7 2 . 8 2 ;  H ,  7 .4 0 ;  N ,  4 .4 7 .  F o u n d :  

C ,  7 2 . 5 2 ;  H , 7 . 5 1 ;  N ,  4 .5 5 .

B. T o  a  s t i r r i n g  s o l u t i o n  o f  6  ( 0 .9 1  g, 2 . 1 4  m m o l)  in  a  m i x t u r e  o f  

t e t r a h y d r o f u r a n  ( 5  m L ) ,  i e r i - b u t y l  a lc o h o l  ( 5  m L ) ,  a n d  l i q u i d  a m 

m o n i a  ( 1 3 0  m L )  w a s  a d d e d  l i t h i u m  ( 1 . 5  g , 0 .2 2  g - a t o m )  in  s m a l l  p o r 

t i o n s .  A f t e r  t h e  s t i r r i n g  w a s  c o n t i n u e d  f o r  6  h ,  t h e  r e a c t i o n  m i x t u r e  

w a s  t r e a t e d  w i t h  N H 4 C 1  ( 1 0  g )  a n d  a m m o n i a  w a s  e v a p o r a t e d .  T h e  

r e s i d u e  w a s  n e u t r a l i z e d  w i t h  c o n c e n t r a t e d  h y d r o c h l o r i c  a c i d ,  e x 

t r a c t e d  w i t h  m e t h y le n e  c h lo r i d e ,  w a s h e d  w i t h  w a t e r ,  a n d  d r i e d  o v e r  
N a 2S 0 4, a n d  th e  s o lv e n t  w a s  e v a p o r a t e d  in  v a c u o  t o  le a v e  a  c r y s t a l l in e  

m a s s  w h ic h  w a s  r e c r y s t a l l i z e d  f r o m  m e t h y l  a l c o h o l  t o  g i v e  2 2  ( 0 .5 2  g , 

7 8 % )  a s  c o lo r le s s  n e e d l e s ,  m p  1 7 9 . 5 - 1 8 0 . 5  ° C .

9.12- Dihydro-2,3,l 1-trimethoxytetrahydroprotoberberine
(23). A  s o lu t io n  o f  22 ( 1 . 2 5  g , 4  m m o l)  in  m e t h y l  a lc o h o l  ( 1 0 0  m L )  w a s  

t r e a t e d  w it h  e t h e r e a l  d i a z o m e t h a n e  u n d e r  c o o l in g  f o r  1 . 5  h . R e m o v a l  

o f  t h e  s o l v e n t  l e f t  a  c r y s t a l l i n e  r e s i d u e  w h ic h  w a s  r e c r y s t a l l i z e d  f r o m  

m e t h y l  a lc o h o l  t o  g i v e  23 ( 1 . 2 8  g .  9 8 % )  a s  c o l o r l e s s  n e e d l e s :  m p

1 6 8 . 5 - 1 7 0  ° C ;  I R  r max ( N u jo l )  2 7 5 0 - 2 6 5 0 , 1 6 6 0  c m " 1 ; N M R  0 6 .6 2  ( 1  

H , s ) , 6 .5 3  ( 1  H , s ) , 4 .6 0  ( 1  H , b r d  s ) ,  3 .8 3  ( 6  H ,  s ) , 3 . 5 1  ( 3  H ,  s ) ;  M S  m /e  
3 2 7  ( M + ) .  A n a l .  C a l c d  f o r  C 2 0 H 2 5 O 3 N :  C ,  7 3 . 3 6 ;  H ,  7 .7 0 ;  N ,  4 .2 8 .  

F o u n d :  C ,  7 3 . 2 6 ;  H ,  7 .7 0 ;  N ,  4 . 1 8 .
5,6,8,8a,9,10,13,13a-Octahydro-2,3-dimethoxy-l 1 H-diben- 

z°[a,if]quinolizin-l l-one (20) Hydrochloride from the Enol 
Ether 23. A  s o l u t i o n  o f  23 ( 1 . 3  g , 4  m m o l)  in  a  m i x t u r e  o f  m e t h y l  a l 

c o h o l  ( 1 0 0  m L ) ,  c o n c e n t r a t e d  h y d r o c h l o r i c  a c id  ( 1  m L ) ,  a n d  w a t e r  ( 3  

m L )  w a s  r e f l u x e d  f o r  2 7  h . R e m o v a l  o f  t h e  s o l v e n t  in  v a c u o  l e f t  a  

c r y s t a l l i n e  r e s i d u e  w h ic h  w a s  r e c r y s t a l l i z e d  f r o m  m e t h y l  a l c o h o l  t o  

g i v e  t h e  h y d r o c h l o r i d e  o f  20 ( 1 . 1 2  g , 84%) a s  p a l e  y e l lo w  n e e d l e s ,  m p

2 1 4 - 2 1 7  ° C .  T h e  f r e e  b a s e  c o n v e r t e d  f r o m  t h e  h y d r o c h l o r i d e  w a s  

i d e n t i c a l  in  a l l  r e s p e c t s  w i t h  a n  a u t h e n t i c  s p e c i m e n  p r e p a r e d  b y  t h e  

a b o v e  m e t h o d .
5,6,8,8a,9,I0,12,12a,13,13a-Decahydro-2,3-dimethoxy-llH-di- 

benzo[a,if]quinolizin-l l-one (24). A  s o lu t io n  o f  20 ( 1 . 1 5  g , 3 .7  m m o l)  

in  m e t h y l  a lc o h o l  ( 7 0  m L )  w a s  h y d r o g e n a t e d  o v e r  1 0 %  P d - C  ( 3 0 0  m g )  

a t  a t m o s p h e r i c  p r e s s u r e  a t  r o o m  t e m p e r a t u r e  f o r  1 3  h  u n t i l  t h e  c a l 

c u la t e d  a m o u n t  o f  h y d r o g e n  w a s  c o n s u m e d . T h e  c a t a l y s t  w a s  r e m o v e d  

b y  f i l t r a t i o n ,  a n d  t h e  f i l t r a t e  w a s  e v a p o r a t e d  in  v a c u o .  P u r i f i c a t i o n  

o f  t h e  r e s i d u e  b y  s i l i c a  g e l  c o lu m n  c h r o m a t o g r a p h y  f o l l o w e d  b y  r e c 

r y s t a l l iz a t io n  f r o m  m e t h y l  a lc o h o l  g a v e  24, ( 1 . 0 2  g , 89%) a s  p a le  y e l lo w  

p r i s m s :  m p  1 3 9 - 1 4 0  ° C ;  I R  i'max ( N u jo l )  2 8 5 0 - 2 7 0 0 , 1 7 0 0  c m - 1 ; N M R

6 6 . 6 6  ( 1  H ,  s ) ,  6 .5 8  ( 1  H ,  s ) ,  3 .8 7  ( 6  H ,  s ) ;  M S  m /e  3 1 5  ( M + ), 2 0 5 , 1 9 1 .  

A n a l .  C a lc d  f o r  C i 9H 250 3 N : C .  7 2 . 3 5 ;  H ,  7 .9 9 ; N ,  4 .4 4 . F o u n d :  C ,  7 2 . 3 1 ;  

H ,  7 .9 7 ;  N ,  4 .3 8 .
5,6,8,8a,9,10,12,12a,13,13a-Decahydro-2,3-dimethoxy-10,10- 

(propane-l,3-dithio)-11 f/-dibenzo[a,if]quinolizin-1 l-one (25) 
and 5,6,8,8a,9,10,12,12a,13,13a-Decahydro-2,3-dimethoxy- 
12, ̂ -(propane-LS-dithioMlff-dibenzota^Jquinolizin-l l-one
( 2 6 ) .  A  s o l u t i o n  o f  2 4  ( 1 . 4 7  g , 4 .7  m m o l)  in  b e n z e n e  (8 0  m L )  w a s  r e 

f l u x e d  w i t h  p y r r o l i d i n e  ( 0 .6 3  m L ,  7 . 5  m m o l)  f o r  2  h  w i t h  r e m o v a l  o f
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w a t e r  b y  m e a n s  o f  a  D e a n - S t a r k  a p p a r a t u s .  R e m o v a l  o f  t h e  s o l v e n t  

in  v a c u o  l e f t  t h e  c r u d e  e n a m i n e  w h i c h  w a s  m i x e d  w i t h  1 , 3 - p r o p a n e  

d i t h i o t o s y l a t e  ( 1 . 9 3  g ,  4 .7  m m o l)  a n d  t r i e t h y l a m i n e  ( 5  m L )  in  a c e t o 

n i t r i l e  ( 8 0  m L ) ,  a n d  t h e  m i x t u r e  w a s  r e f l u x e d  f o r  4  h . A f t e r  e v a p o r a 

t i o n  o f  s o l v e n t  in  v a c u o ,  t h e  r e s i d u e  w a s  e x t r a c t e d  w i t h  m e t h y le n e  

c h lo r i d e ,  w a s h e d  w i t h  3 %  H C 1  a n d  5 %  N a H C C > 3 , a n d  d r i e d  o v e r  

N a j S C b .  R e m o v a l  o f  t h e  s o l v e n t  in  v a c u o  l e f t  a n  o r a n g e - r e d  c a r a m e l  

( 2 . 1 3  g )  w h i c h  o n  s i l i c a  g e l  c o lu m n  c h r o m a t o g r a p h y  f o l l o w e d  b y  r e c 

r y s t a l l i z a t i o n  f r o m  m e t h y l  a lc o h o l  a f f o r d e d  25 ( 1 . 2 7  g ,  6 5 % )  a s  p a l e  

y e l lo w  n e e d l e s  [m p  2 0 2 . 5 - 2 0 4  ° C ;  I R  ¡>max ( N u j o l )  2 8 0 0 - 2 7 0 0 ,  1 6 8 0  

c m " 1 ; N M R  6 6 .6 0  ( 1  H ,  s ) ,  6 .5 2  ( 1  H , s ) ,  3 .8 4  ( 6  H ,  s ) ;  M S  m /e  4 1 9  

( M + ) ,  2 3 2 ,  2 0 5 , 1 9 1 .  A n a l .  C a l c d  f o r  C 2 2 H 29N O 3 S 2 : C ,  6 2 .9 7 ;  H ,  6 .9 7 ;  

N ,  3 . 3 4 ;  S ,  1 5 . 2 8 .  F o u n d :  C ,  6 2 .6 8 ;  H ,  7 .0 8 ;  N ,  3 .2 4 ;  S ,  1 5 . 4 6 . ]  a n d  t h e  

i s o m e r i c  26 ( 0 . 1 8  g , 9 .2 % )  a s  p a l e  y e l lo w  n e e d l e s  [ m p  2 2 5 . 5 - 2 2 7  ° C ;  

I R  "m ax ( N u jo l )  2 8 0 0 - 2 7 0 0 ,  1 6 8 0  c m " 1 ; N M R  (5 6 . 5 7  ( 1  H ,  s ) ,  6 .5 4  ( 1  

H , s ) ,  3 .8 4  ( 6  H ,  s ) ;  M S  m /e  4 1 9  ( M + ) ,  2 3 2 , 2 0 5 , 1 9 1 .  A n a l .  C a l c d  f o r  

C 2 2 H 29N O 3 S 2 : C ,  6 2 .9 7 ;  H ,  6 .9 7 ;  N ,  3 . 3 4 ;  S ,  1 5 . 2 8 .  F o u n d :  C ,  6 2 . 7 1 ;  H , 

6 .8 4 ;  N ,  3 . 2 2 ;  S ,  1 5 . 2 9 . ] .

l,3,4,6,7,llb-Hexahydro-9,10-dimethoxy-3-[2,2-(propane-
l,3-dithio)ethyl]-2ff-benzo[a]quinolizine-2-acetic Acid Methyl 
Ester (28). T o  a  s o l u t i o n  o f  25 ( 0 .0 7 3  g ,  0 . 1 7  m m o l)  in  a  m i x t u r e  o f  

ter t - b u t y l  a lc o h o l  ( 2  m L )  a n d  t e t r a h y d r o f u r a n  ( 2  m L )  w a s  a d d e d  

K O H  ( 6 5  m g , 1  m m o l) ,  a n d  t h e  m i x t u r e  w a s  h e a t e d  a t  6 0  ° C  f o r  3  h  

w i t h  s t i r r i n g .  A f t e r  c o o l in g ,  t h e  r e a c t i o n  m i x t u r e  w a s  a c i d i f i e d  w i t h  

c o n c e n t r a t e d  h y d r o c h l o r i c  a c i d  a n d  t h e n  t r e a t e d  w i t h  e t h e r e a l  d i a 

z o m e t h a n e .  S a t u r a t e d  N a H C C b  s o l u t i o n  w a s  a d d e d ,  a n d  t h e  m i x t u r e  

w a s  e x t r a c t e d  w i t h  m e t h y le n e  c h lo r id e ,  w a s h e d  w i t h  w a t e r ,  a n d  d r ie d  

o v e r  K 2 C O 3 . T h e  s o l v e n t  w a s  e v a p o r a t e d  in  v a c u o  t o  l e a v e  28 ( 0 .0 7 5  

g , 9 4 % )  a s  a m o r p h o u s  p o w d e r :  I R  " max ( n e a t )  2 8 5 0 - 2 7 0 0 , 1 7 2 0  c m - 1 ; 

N M R  5 6 .7 0  ( 1  H ,  s ) ,  6 .6 2  ( 1  H ,  s ) ,  3 .9 0  ( 6  H ,  s ) ,  3 .7 0  ( 3  H ,  s ) ;  M S  m /e  
4 5 1  ( M + ) ,  2 0 5 , 1 4 9 .  A n a l .  C a l c d  f o r  C ^ H ^ N O . ^ :  C ,  6 1 . 1 6 ;  H ,  7 . 3 7 ;  

N ,  3 . 1 0 ;  S ,  1 4 . 2 0 .  F o u n d :  C ,  6 0 .9 4 ;  H ,  7 . 2 2 ;  N ,  3 . 1 3 ;  S ,  1 4 .0 0 .
3-Ethyl-l,3,4,6,7,llb-hexahydro-9,10-dimethoxy-2ff-benzo-

[a]quinolizine-2-acetic Acid Methyl Ester (29). A  s u s p e n s i o n  o f  

W - 2  R a n e y  n i c k e l  ( c a .  3  m L )  a n d  28 ( 0 .4 4 7  g , 1 m m o l)  in  m e t h y l  a l 

c o h o l  ( 4 2  m L )  w a s  r e f l u x e d  f o r  2 0  h . T h e  c a t a l y s t  w a s  r e m o v e d  b y  

f i l t r a t i o n ,  a n d  t h e  f i l t r a t e  w a s  e v a p o r a t e d  in  v a c u o .  T h e  r e s i d u e  w a s  

p u r i f i e d  b y  s i l i c a  g e l  c o lu m n  c h r o m a t o g r a p h y  f o l l o w e d  b y  r e c r y s t a l 

l i z a t i o n  f r o m  p e t r o l e u m  e t h e r  t o  g i v e  29 ( 0 .3 2  g ,  9 2 .4 % )  a s  c o l o r l e s s  

p r i s m s :  m p  7 7 - 7 8 . 5  ° C  ( l i t . 1 7  m p  7 8 . 9 - 7 9 . 2  ° C ) ;  I R  " max ( n e a t )  

2 8 5 0 - 2 7 0 0 ,  1 7 2 0  c m - 1 ; N M R  i  6 .6 5  ( 1  H , s ) ,  6 .5 6  ( 1  H ,  s ) ,  3 .8 4  ( 6  H ,  

s ) ,  3 .7 2  ( 3  H ,  s ) ,  0 .9 2  ( 3  H , c o l l a p s e d  t ,  J  =  7 .0  H z ) ;  M S  m / e  3 4 7  ( M + ), 

2 4 6 ,  2 0 5 ,  1 9 1 .
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S t u d i e s  d i r e c t e d  t o w a r d  t o t a l  s y n t h e s i s  o f  o l i v i n  ( 4 ) ,  t h e  a g l y c o n  o f  t h e  o l i v o m y c i n  a n t i t u m o r  a n t i b i o t i c s ,  a r e  d e 

s c r i b e d .  T h e  k e y  a l d e h y d e  2 3 ,  c o n t a i n i n g  t h e  t r i c y c l i c  n u c l e u s  o f  o l i v i n ,  h a s  b e e n  p r e p a r e d  in  1 4  s t e p s  f r o m  3 , 5 - d i -  

m e t h o x y b e n z y l  c h lo r i d e .  M e t h o d s  f o r  c o n s t r u c t i o n  o f  t h e  o l i v i n  h y d r o x y  k e t o n e  s i d e  c h a i n  w e r e  a l s o  i n v e s t i g a t e d .  

A t t e m p t e d  a d d i t i o n  o f  t r i a n i o n  2 4  t o  s i m p le  a l d e h y d e s  w a s  u n s u c c e s s f u l .  C v c l o h e x a n e c a r b o x a l d e h y d e ,  a  m o d e l  f o r  

a l d e h y d e  2 3 ,  w a s  c o n v e r t e d  t o  d i t h i a n e  3 6 ,  w h ic h  in  t w o  s t e p s  w a s  t r a n s f o r m e d  t o  k e t o n e  3 8 .  H y d r o x y l a t i o n  o f  3 8  

w i t h  m - C P B A  v i a  a  k i n e t i c  e n o l a t e  a n d  t r i m e t h y l s i l y l  e t h e r  3 9  p r o d u c e d  a  s i n g le  a c y lo i n ,  h a v i n g  e i t h e r  s t r u c t u r e  

4 0  o r  4 2 .

T h e  o l i v o m y c i n s  a r e  a  g r o u p  o f  a n t i t u m o r  a n t i b i o t i c s  f i r s t  

i s o l a t e d  i n  1 9 6 2  f r o m  a  s t r a i n  o f  A c t i n o m y c e s  o liv o r e tic u li .2 
T h e  c r u d e  a n t i b i o t i c  w a s  s u b s e q u e n t l y  f o u n d  t o  b e  a  m i x t u r e  

o f  t h r e e  c o m p o n e n t s ,  o l i v o m y c i n  A ,  B ,  a n d  C . 3  E x t e n s i v e  

c h e m i c a l  s t u d i e s  l e d  t o  a s s i g n m e n t  o f  a b s o l u t e  s t e r e o 

s t r u c t u r e s  1 , 2 ,  a n d  3 ,  r e s p e c t i v e l y ,  t o  t h e s e  c o m p o u n d s . 4  T h e  

o l i v o m y c i n  a n t i b i o t i c s  d i f f e r  f r o m  e a c h  o t h e r  o n l y  i n  t h e  n a 

t u r e  o f  t h e  s u g a r  m o i e t i e s ,  a n d  u p o n  h y d r o l y s i s  a l l  t h r e e  

c o m p o u n d s  a f f o r d  t h e  s a m e  a g l y c o n ,  o l i v i n  ( 4 ) .  T h e  c h r o m -  

o m y c i n s 5  a n d  m i t h r a m y c i n s 6  a r e  c l o s e l y  r e l a t e d  g r o u p s  o f  

a n t i t u m o r  a n t i b i o t i c s  w h i c h  d i f f e r  f r o m  t h e  o l i v o m y c i n s  i n  t h e  

n a t u r e  o f  t h e  c a r b o h y d r a t e  r e s i d u e s .  I n  a d d i t i o n  b o t h  c o n t a i n  

a  m e t h y l  g r o u p  a t  t h e  C - 7  p o s i t i o n  o f  t h e  a g l y c o n .  H y d r o l y s i s  

o f  t h e  c h r o m o m y c i n s  a n d  m i t h r a m y c i n s  a f f o r d s  a n  a g l y c o n ,

0 0 7 0  Q 7C Q /7S /1  Q4Q_/I1 79<cm  0 0 /0  (Pi 1 Q 7 »  S m o r ir a n  fh o r n iV n l  S n rn o tv
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1, R = CH,CO; R = (CHj),CHCO
2, R = CH,CO; R' = CH,CÖ
3, R = H; Rr = (C H ,)2CHCO

chromomycinone (5). The olivomycins, as well as the chrom- 
omycins and mithramycins, are currently being evaluated 
clinically In human cancer chemotherapy.7

We are presently attempting to develop a total synthesis 
of olivin (4) and ultimately a synthesis of the olivomycins. 
Described in this paper are synthetic studies which hopefully 
will lead to the preparation of olivin, and which with minor 
modification should also produce chromomycinone (5).

Our strategy for construction of the tricyclic nucleus of ol
ivin involves sequential annulation of nonaromatic B and C 
rings on to a preformed A ring, followed by B-ring aromati- 
zation. Thus, readily available chloride 6 8 was alkylated with 
sodiodiethyl malonate (93% yield) and the resulting product 
7 was reduced to diol 8  with lithium aluminum hydride (95%).

10

Diol 8  was then transformed via ditosylate 9 to dinitrile 1 0 .
Intramolecular Hoesch condensation9 of dinitrile 10

(ZnCl/HCl), followed by hydrolysis of the intermediate ¡mine, 
provided bicyclic ketone 11 in good yield. An alternative but 
longer and less attractive route to the bicyclic system involved 
the basic hydrolysis of dinitrile 1 0  to the diacid 12 which was 
cyclized with polyphosphoric acid to ketoacid 13.10

A number of attempts were then made to convert ketonitrile 
11 into the corresponding ethylene ketal, but 11 was recovered 
unchanged in all of these reactions. However, treatment of 11 
with ethane dithiol/BFs etherate produced a stable crystalline 
thioketal 14 (90%).11 Reduction of 14 with Dibal yielded al
dehyde 15 (90%), and condensation of this aldehyde with di-

methylphosphonoacetone (sodium hydride/benzene) afforded 
the trans-a,/3-unsaturated ketone 16 (90%).12 Reduction of 16 
with either lithium aluminum hydride or Dibal gave an in
separable mixture of diastereomeric alcohols 17, which cleanly 
underwent the Johnson modification13 of the Claisen rear
rangement (triethyl orthoacetate/propionic acid) to afford 
esters 18, again as an inseparable diastereomeric mixture 
(50%). Cleavage of the dithiolane group of 18 was best effected 
with methyl iodide in wet methanol,14 giving ketoesters 19. 
Base-catalyzed cyclization of ketoester 19 afforded the tri
cyclic diketones 2 0  (or a tautomer15).

Aromatization of the B ring of 20 could be effected by 
chloranil to give the desired tricyclic ketone 21 as a crystalline 
solid. Ultimately, the O-methyl groups of 21 will have to be 
removed for synthesis of olivin, but in order to continue with 
some model studies we decided to prepare the trimethyl ether
22. Methylation of the chelated hydroxyl group of 21 proved 
difficult, and attempts to use methyl iodide or dimethyl sul
fate in conjunction with various bases for formation of ether 
22 were generally discouraging. However, treatment of phenol 
21  with methyl fluorosulfonate and potassium £er£-butoxide 
in glyme gave ether 22 in good yield.16 Cleavage of alkene 22 
with osmium tetroxide/periodate afforded keto aldehyde
23.



4174 J, Org. Chem., Vol. 43, No. 21,1978 Hatch, Shringarpure, and Weinreb

17

With the key aldehyde 23 now in hand, it was our intention 
to couple it with trianion 24.17 This anion should be available 
by deprotonation of dithiane diol 25, which we prepared from 
readily available methyl £hreo-2,3-dihydroxybutyrate (26)18 
as described below.

24 25 26
Ester 26 on treatment with acetone/CuS04/p-TsOH was 

converted to acetonide 27a. Reduction of 27a with Dibal, 
followed by either aqueous or methanolic quench, produced 
either the hydrate 28 or hemiacetal 29, respectively. Although 
hydration of an aldehyde such as 27b is not without prece
dent,19 we felt it would be prudent to confirm the structures 
assigned to 28 and 29 by synthesizing them via an alternative 
route.

27a, R = COOCH3 

b, R = CHO 28, R = R' = H
29, R = CH3; R' = H
30, R = CH3; R' = COCHj

Reduction of ester 27a with lithium aluminum hydride af
forded alcohol 31 (93%) which on treatment with mesyl 
chloride/pyridine followed by sodium thiophenoxide gave 
sulfide 32. Oxidation of 32 with sodium periodate yielded a

33

H gC l2

K ..C O ,
EtO H

28

1/1 mixture of diasteromeric sulfoxides 33. A Pummerer re
arrangement of these sulfoxides was effected with trifluo- 
roacetic anhydride/pyridine to give trifluoroacetate 34, which 
upon mercury(II)-catalyzed hydrolysis was converted to hy
drate 28, identical to material prepared by Dibal reduction 
of ester 27a, followed by an aqueous quench.

Conversion of hemiacetal 29 to dithane 25 was effected in 
73% yield with 1,3-propanedithiol/boron trifluoride etherate. 
Compound 25 could be successfully deprotonated with 3-equiv 
of n-butyllithium (as evidenced by a D20  quench yielding 
C-deuterated 25) but attempted addition of trianion 24 to 
some simple aldehydes was disappointing. In general, only low 
yields of addition products could be isolated, and therefore 
this approach to construction of the olivin side chain was 
abandoned.

Using cyclohexanecarboxaldehyde (35) as a model for al
dehyde 23 we have investigated an alternative sequence for 
synthesis of this side chain. Aldehyde 35 was converted to 
dithiane 36 by standard means,20 and after metallation with 
n-butyllithium was acylated with ester 27a to produce 37. 
Raney nickel desulfurization of 37 afforded ketone 38.

This ketone can be deprotonated kinetically with LDA, 
followed by silylation to afford a silyl enol ether 39.21 Without 
complete characterization, 39 was treated with m-chloro-

perbenzoic acid in methylene chloride and after acidic workup 
only a sin g le  stereoisomeric «-hydroxy ketone was obtained.22 
This acyloin has either structure 40 or 42, but we are unable 
to distinguish between these two possibilities by simple 
spectral means.22 The acyloin was further characterized by 
conversion to a single acetate (either 41 or 43) with acetic 
anhydride/pyridine (single sharp COCH3 in the NMR).

We anticipate that it should be possible to convert an acy
loin such as this to the corresponding methyl ether with in
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version if 42 or with retention if 40.23 This work is in progress, 
and the chemistry described in this paper will be used in the 
synthesis of olivin.

Experimental Section
M e l t i n g  p o i n t s  w e r e  d e t e r m i n e d  o n  a  F i s h e r - J o h n s  a p p a r a t u s  a n d  

a r e  u n c o r r e c t e d .  I n f r a r e d  s p e c t r a  w e r e  m e a s u r e d  o n  e i t h e r  a  P e r k i n -  

E l m e r  1 3 7  o r  1 9 7  s p e c t r o m e t e r .  N M R  s p e c t r a  w e r e  t a k e n  a t  6 0  M H z  

o n  V a r i a n  A 6 0 A  o r  P e r k i n - E l m e r  R - 1 2  s p e c t r o m e t e r s ;  1 0 0 - M H z  

s p e c t r a  w e r e  r e c o r d e d  o n  a  V a r i a n  X L - 1 0 0  i n s t r u m e n t .  A l l  N M R  

s p e c t r a  w e r e  t a k e n  in  d e u t e r i o c h lo r o f o r m  u n l e s s  o t h e r w i s e  n o t e d .  

N M R  s p e c t r a  ( 2 7 0  M H z )  w e r e  o b t a i n e d  o n  a  B r u k e r  H X  i n s t r u m e n t  

a t  Y a l e  U n i v e r s i t y  o n  a  f a c i l i t y  s u p p o r t e d  b y  N I H  g r a n t  P R 0 0 7 9 8 .  

L o w - r e s o l u t i o n  m a s s  s p e c t r a  w e r e  o b t a i n e d  o n  a  C E C  2 1 - 1 0 4  i n s t r u 

m e n t .  H ig h - r e s o lu t i o n  m a s s  s p e c t r a  w e r e  o b t a i n e d  o n  a  C E C  2 1 - 1 1 0 B  

s p e c t r o m e t e r  a t  M I T  u n d e r  N I H  g r a n t  P R - 0 0 3 1 7 .  E l e m e n t a l  a n a l y s e s  

w e r e  d o n e  b y  M i c r o t e c h  L a b o r a t o r i e s ,  S k o k i e ,  1 1 1 .  E . M .  M e r c k  S i l i c a  

G e l  6 0  ( 0 .0 5 - 0 .2 0  m m )  w a s  u s e d  f o r  c o l u m n  c h r o m a t o g r a p h y  a n d  

S i l i c a  G e l  P F 254  w a s  u s e d  f o r  b o t h  a n a l y t i c a l  a n d  p r e p a r a t i v e  T L C .

Diethyl 3,5-Dimethoxybenzylmalonate (7). S o d i u m  m e t a l  ( 5 5  

g , 2 .3 9  m o l)  w a s  d i s s o l v e d  in  9 0 0  m L  o f  a b s o l u t e  e t h a n o l  a n d  d i e t h y l  

m a l o n a t e  ( 2 2 5  g , 1 . 4  m o l)  w a s  a d d e d  o v e r  a  3 0 - m i n  p e r i o d  a t  6 0  ° C .  

A  s o l u t i o n  o f  3 , 5 - d i m e t h o x y b e n z y l  c h lo r i d e  (6 ) ( 1 3 0  g ,  0 .6 9  m o l )8  in  

4 0 0  m L  o f  a b s o l u t e  e t h a n o l  w a s  a d d e d  o v e r  1  h  a t  7 0 - 7 5  ° C  w i t h  

s t i r r i n g .  T h e  m i x t u r e  w a s  r e f l u x e d  o v e r n i g h t  a n d  t h e  a l c o h o l  w a s  

d i s t i l l e d  o f f .  T h e  r e s i d u e  w a s  t r e a t e d  w i t h  3 %  h y d r o c h l o r i c  a c i d  a n d  

e x t r a c t e d  w i t h  e t h e r .  T h e  e t h e r  l a y e r  w a s  w a s h e d  w i t h  w a t e r ,  d r i e d  

( M g S 0 4), a n d  e v a p o r a t e d  in  v a c u o .  T h e  r e s i d u e  w a s  d i s t i l l e d  t o  p r o 

v i d e  d i e s t e r  7: b p  1 6 0 - 5  ° C  ( 0 . 1  m m )  ( 2 0 0  g , 9 3 % ) ;  N M R  h 1 . 2 0  ( 6  H ,  

t ,  J  =  9  H z ) ,  3 . 1 5  ( 2  H ,  d ,  J  =  6  H z ) ,  3 . 7 5  ( 6  H ,  s ) ,  4 . 1 8  (4  H ,  q ,  J  =  9  

H z ) ,  6 .3 5  ( 3  H ,  s ) .

2-(3,5-Dimethoxybenzyl)-l,3-propanediol (8). D i e s t e r  7 ( 1 0 0  

g , 0 .3 2  m o l)  in  4 2 5  m L  o f  d r y  T H F  w a s  s lo w ly  a d d e d  o v e r  3  h  t o  a  s lu r r y  

o f  l i t h i u m  a lu m in u m  h y d r i d e  ( 5 0  g )  in  d r y  T H F  ( 1 . 2  L ) .  T h e  m i x t u r e  

w a s  s t i r r e d  a t  r o o m  t e m p e r a t u r e  o v e r n i g h t  a n d  e x c e s s  L i A l H 4 w a s  

d e s t r o y e d  b y  s lo w  a d d i t i o n  o f  1 0 0  m L  o f  e t h y l  a c e t a t e ,  f o l lo w e d  b y  5 0  

m L  o f  s a t u r a t e d  NH4CI. T h e  s o l i d  p r e c i p i t a t e  w a s  r e m o v e d  b y  f i l 

t r a t i o n  a n d  w a s h e d  w i t h  e t h y l  a c e t a t e .  T h e  c o m b i n e d  o r g a n i c  p h a s e  

w a s  e v a p o r a t e d  in  v a c u o  a n d  t h e  r e s i d u a l  o i l  w a s  t a k e n  u p  in  e t h e r ,  

w a s h e d  w i t h  H 20 ,  a n d  d r i e d  ( M g S 0 4) t o  a f f o r d  6 9  g  ( 9 5 % )  o f  a  c o l o r 

le s s  v i s c o u s  o i l  w h ic h  s lo w l y  c r y s t a l l i z e d  u p o n  s t a n d i n g :  m p  3 2 - 3 4  ° C ;  

I R  ( f i lm )  3 4 5 0  a n d  1 6 0 0  c m - 1 ; N M R  5 1 . 2 0  ( 1  H ,  m ) ,  2 . 5  ( 2  H ,  b r ,  s ) ,

2 .6 0  ( 2  H ,  d ,  J  =  3  H z ) ,  3 .8  ( 1 0  H ,  m ) ,  6 .3 8  ( 3  H ,  s ) .

2 -  (3,5-Dimethoxybenzyl)-l,3-propanediol Ditosylate ( 9 ) .  D i o l

8  ( 6 6  g ,  0 .2 9  m o l)  w a s  d i s s o l v e d  in  2 0 0  m L  o f  d r y  p y r i d i n e  a n d  t h e  

r e s u l t in g  s o lu t io n  w a s  c o o le d  t o  0  ° C .  p - T o l u e n e s u l f o n y l  c h lo r id e  ( 1 6 6

g , 0 .8 7  m o l)  w a s  a d d e d  a t  s u c h  a  r a t e  t h a t  t h e  t e m p e r a t u r e  w a s  

m a i n t a i n e d  b e t w e e n  0  a n d  1 0  ° C .  T h e  m i x t u r e  w a s  s t i r r e d  in  ic e  f o r  

4  h  a n d  s t o r e d  in  a  r e f r i g e r a t o r  o v e r n i g h t .  T h e  m i x t u r e  w a s  p o u r e d  

o n t o  ic e  a n d  e x t r a c t e d  w i t h  e t h e r .  T h e  o r g a n i c  l a y e r  w a s  t h o r o u g h l y  

w a s h e d  w i t h  d i lu t e  H C 1  a n d  w a t e r ,  d r ie d  o v e r  M g S 0 4, a n d  e v a p o r a t e d  

t o  a f f o r d  a  w h i t e  s o l id .  R e c r y s t a l l i z a t i o n  f r o m  e t h e r / c h l o r o f o r m  g a v e  

1 2 6  g  ( 9 1% )  o f  c r y s t a l s :  m p  8 7 - 8 8  ° C ;  I R  ( C H C I 3 ) 1 6 0 0  a n d  1 4 6 0  c m - 1 ; 

N M R  < 5 1 .2 0  ( 1  H ,  t ) ,  2 . 4 1  ( 8  H ,  b r  s ) ,  3 . 7 1  ( 6  H ,  s ) ,  3 . 9 1  (4  H ,  d ,  J  =  5  

H z ) ,  6 . 1 0  ( 2  H ,  d ,  J =  2  H z ) ,  6 .3 0  ( 1  H ,  d ,  J  =  2  H z ) ,  7 . 3 3  ( 4  H ,  d ,  J  =
9  H z ) ,  7 . 7 5  (4  H ,  d ,  J  =  9  H z ) .

A n a l .  C a l c d  f o r  C 26H 30 O 8S 2 : C ,  5 8 .4 4 ;  H ,  5 . 6 1 .  F o u n d :  C ,  5 8 . 3 7 ;  H ,

5 .6 9 .

3- (3,5-Dimethoxybenzyl)glutaronitrile (10). T o  a  s o l u t i o n  o f  

6 5  g  ( 0 . 1 2  m o l)  o f  d i t o s y l a t e  9  in  2 0 0  m L  o f  M e 2S O  w a s  a d d e d  o v e r  3 0  

m in  a  s u s p e n s i o n  o f  2 0  g  o f  s o d i u m  c y a n i d e  in  1 0 0  m L  o f  M e 2S O  w it h  

s t i r r i n g  a t  r o o m  t e m p e r a t u r e .  A f t e r  s t i r r i n g  a t  r o o m  t e m p e r a t u r e  f o r  

3  h , t h e  m i x t u r e  w a s  h e a t e d  o n  a  s t e a m  b a t h  f o r  1  h , p o u r e d  o n t o  ic e , 

a n d  e x t r a c t e d  w i t h  e t h e r .  A f t e r  d r y i n g  ( M g S 0 4) a n d  e v a p o r a t i o n  a  

w h it e  c r y s t a l l in e  s o l id  ( 2 8  g , 8 6 % ) w a s  i s o la t e d .  R e c r y s t a l l i z a t i o n  f r o m  

C H 2C l 2/ h e x a n e  g a v e  a n  a n a l y t i c a l  s a m p l e :  m p  5 2 - 5 3  ° C ;  I R  ( C H C I 3 ) 

2 2 5 0  a n d  1 6 0 0  c m ' 1 ; N M R  8 1 . 2 0  ( 1  H ,  t ) ,  2 . 5 3  (4  H ,  d ,  J  =  2  H z ) ,  2 .8 0  

( 2 H . d , J  =  6  H z ) ,  3 . 8 3  ( 6  H , s ) , 6 . 4 l  ( 3  H , s ) .

A n a l .  C a l c d  f o r  C i 4 H i 6N 2 0 2 : C ,  6 8 .8 7 ;  H .  6 .5 5 .  F o u n d :  C ,  6 8 .8 5 ;  H ,

6 .5 0 .
l-Oxo-3,4-dihydro-6,8-dimethoxy-(2ii)-naphthalene-3-ace- 

tonitrile (11). D i n i t r i l e  10 ( 3 1  g ,  0 . 1 2  m o l)  w a s  d i s s o l v e d  in  7 0 0  m L  

o f  d r y  e t h e r  a n d  3 0  g  o f  f u s e d  z in c  c h lo r i d e  w a s  a d d e d .  H y d r o g e n  

c h lo r i d e  g a s  w a s  p a s s e d  t h r o u g h  t h e  m i x t u r e  f o r  1 . 5  h . T h e  e t h e r  w a s  

e v a p o r a t e d  a n d  t h e  r e s i d u e  w a s  r e f l u x e d  w i t h  1 0 0  m L  o f  w a t e r  f o r  2

h . O n  c o o l in g  a  s o l i d  p r e c i p i t a t e d  w a s  c o l l e c t e d ,  d r i e d ,  a n d  r e c r y s 

t a l l i z e d  f r o m  m e t h y le n e  c h lo r i d e  t o  a f f o r d  2 9  g  ( 9 3 % )  o f  c r y s t a l s :  m p  

1 4 4 - 1 4 5  ° C ;  I R  ( C H C I 3 ) 2 2 5 0 ,  1 6 8 5 ,  a n d  1 6 0 0  c m - 1 ; N M R  <5 2 .4 6  ( 5  

H ,  m ) ,  2 .9 3  (2  H ,  m ) ,  3 .8 6  ( 6  H ,  s ) ,  6 . 3 5  ( 2  H ,  s ) .

A n a l .  C a l c d  f o r  C i 4H I 6N 0 3 : C ,  6 8 .5 6 ;  H ,  6 . 1 6 .  F o u n d :  C ,  6 8 .5 0 ;  H ,

5 .9 3 .

4- (3,5-Dimethoxybenzyl)glutaric Acid ( 1 2 ) .  D i n i t r i l e  10 ( 3 .8  g ,

1 . 5 6  m m o l) ,  5 0  m L  o f  5 %  s o d i u m  h y d r o x i d e ,  a n d  5 0  m L  o f  e t h y l e n e  

g l y c o l  m o n o m e t h y l  e t h e r  w e r e  r e f l u x e d  f o r  1 8  h . T h e  s o l v e n t  w a s  

e v a p o r a t e d  in  v a c u o  a n d  t h e  r e s i d u e  w a s  d i s s o l v e d  in  w a t e r  a n d  

w a s h e d  w i t h  e t h e r .  T h e  a q u e o u s  l a y e r  w a s  a c i d i f i e d  w i t h  H C 1 ,  e x 

t r a c t e d  w i t h  e t h y l  a c e t a t e ,  a n d  d r i e d  ( M g S 0 4). U p o n  e v a p o r a t i o n  o f  

t h e  s o l v e n t  4 . 1 6  g  ( 9 4 % )  o f  o i l y  d i a c i d  1 2  w a s  i s o l a t e d .  A  s a m p l e  c r y s 

t a l l i z e d  f r o m  e t h y l  a c e t a t e / h e x a n e  h a d  m p  1 2 8 - 1 3 0  ° C :  I R  ( f i lm )  

2 5 0 0 - 3 5 0 0 , 1 7 1 0 ,  a n d  1 6 0 0  c m ' 1 ; N M R  S 2 . 1 - 2 . 5  ( 7  H ,  m ) ,  3 . 7 5  ( 6  H ,  

s ) ,  6 . 3  ( 3  H ,  s ) .

A n a l .  C a l c d  f o r  C x4H 1 s 0 6 :  C ,  5 9 . 5 7 ;  H ,  6 .4 3 .  F o u n d :  C ,  5 9 . 3 6 ;  H ,

6 .3 4 .

1 -Oxo-3,4-dihydro-6,8-dimethoxy- (2H) -naphthalene-3-acetic 
Acid (13). T o  1 . 8  g  o f  p o ly p h o s p h o r ic  a c id  h e a t e d  o n  a  s t e a m  b a t h  w a s  

a d d e d  3 0  m g  o f  d i a c i d  12. T h e  m i x t u r e  w a s  h e a t e d  f o r  2 0  m in  a n d  

c o o le d . I c e  w a t e r  w a s  a d d e d  a n d  t h e  m i x t u r e  w a s  s w ir le d  u n t i l  t h e  P P A  

h a d  d i s s o l v e d .  E x t r a c t i o n  w i t h  e t h e r  g a v e  o n l y  5  m g  o f  13, b u t  f i l t r a 

t io n  o f  t h e  a q u e o u s  p h a s e  a f f o r d e d  a n o t h e r  1 5  m g . T h e  t w o  s o l id  c r o p s  

w e r e  c o m b i n e d  t o  a f f o r d  a  t o t a l  o f  7 2 %  o f  13, m p  2 0 9 - 2 1 1  ° C .  A n  a n 

a l y t i c a l  s a m p le  c r y s t a l l iz e d  f r o m  m e t h a n o l  h a d  m p  2 1 4 - 2 1 6  ° C :  N M R  

( M e 2 S O - d 6) <5 2 .5  ( 7  H ,  m ) ,  3 .8 0  ( 3  H ,  s ) ,  3 . 8 7  ( 3  H ,  s ) ,  6 .5  ( 2  H ,  s ) .

A n a l .  C a l c d  f o r  C i 4 H 1 6 0 5; C ,  6 3 .6 3 ;  H ,  6 . 1 0 .  F o u n d :  C ,  6 3 .4 9 ;  H ,

5 . 8 1 .

3',4'-Dihydro-6',8'-dimethoxyspiro[l,3-dithiolane-2,l'(2'JJ)- 
naphthalene]-l-acetonitrile (14). K e t o n e  11 ( 1 0  g ,  0 .0 4  m o l)  w a s  

d i s s o l v e d  in  1 5 0  m L  o f  m e t h y le n e  c h lo r i d e  a n d  6  g  ( 0 .0 6  m o l)  o f  1 , 2 -  

e t h a n e d i t h i o l  w a s  a d d e d ,  f o l l o w e d  b y  1  m L  o f  b o r o n  t r i f l u o r i d e  e t h -  

e r a t e .  T h e  s o l u t i o n  w a s  s t i r r e d  a t  r o o m  t e m p e r a t u r e  o v e r n i g h t  a n d  

5 0  m L  o f  5 %  s o d i u m  h y d r o x i d e  w a s  a d d e d .  T h e  o r g a n i c  l a y e r  w a s  

s e p a r a t e d ,  w a s h e d  w i t h  w a t e r ,  d r i e d  ( M g S 0 4), a n d  e v a p o r a t e d  t o  

a f f o r d  1 2  g  (9 0 % ) o f  w h i t e  c r y s t a l s .  A n  a n a l y t i c a l  s a m p l e  w a s  r e c r y s 

t a l l i z e d  f r o m  m e t h y le n e  c h lo r id e / h e x a n e :  m p  1 4 8 - 1 4 9  ° C ;  I R  ( C H C 1 3 ) 

1 6 0 0 , 1 5 8 0 ,  a n d  1 4 6 0  c m “ 1 ; N M R  5 2 .4 8  ( 5  H ,  m ) ,  2 .9 6  ( 2  H ,  m ) ,  3 .4 8  

(4  H ,  m ) ,  3 .7 6  ( 3  H ,  s ) ,  3 .8 8  ( 3  H ,  s ) ,  6 .2 0  ( 1  H , d ,  J  =  2  H z ) ,  6 .3 6  ( 1  H , 

d ,  J  =  2  H z ) .

A n a l .  C a l c d  f o r  C i e H 19 N 0 2 S 2: C ,  5 9 . 8 1 ;  H ,  5 . 9 1 ;  S ,  1 9 .9 5 .  F o u n d :  

C ,  5 9 . 8 7 ;  H ,  5 .6 8 ;  S ,  1 9 .9 5 .

3',4'-Dihydro-6',8'-dimethoxyspiro[l,3-dithiolane-2,l'(2'H)- 
naphthaiene]-3'-acetaldehyde (15). N i t r i l e  14 ( 1 0  g , 0 . 0 3 1  m o l)  

w a s  d i s s o l v e d  in  d r y  b e n z e n e  ( 2 2 5  m L )  a n d  t h e  s o l u t i o n  w a s  c o o le d  

t o  1 0  ° C .  D i i s o b u t y l a l u m i n u m  h y d r i d e  ( 3 7  m L  o f  a  1  M  s o l u t i o n  in  

h e x a n e ,  0 .0 3 7  m o l)  w a s  a d d e d  d r o p w i s e  u n d e r  n i t r o g e n  w h i l e  m a i n 

t a i n i n g  t h e  t e m p e r a t u r e  b e lo w  1 0  ° C .  T h e  s o l u t i o n  w a s  s t i r r e d  f o r  4 

h  a t  1 0  ° C  a n d  d i lu t e  H C 1  w a s  a d d e d .  T h e  b e n z e n e  l a y e r  w a s  s e p a 

r a t e d ,  w a s h e d  w i t h  w a t e r ,  d r i e d  ( M g S 0 4), a n d  e v a p o r a t e d  in  v a c u o  

t o  a f f o r d  9  g  (9 0 % )  o f  a n  a m o r p h o u s  s o l i d  w h ic h  a p p e a r e d  p u r e  b y  

T L C  a n a l y s i s :  I R  ( C H C 1 3 ) 1 7 2 0 , 1 6 0 0 ,  a n d  1 5 8 0  c m ' 1 ; N M R  h 2 .4 0  (7  

H ,  m ) ,  3 . 3 5  (4  H ,  m ) ,  3 .6 5  ( 3  H ,  s ) ,  3 . 7 5  ( 3  H , s ) ,  6 . 1 5  ( 1  H , d , J  =  2  H z ) ,

6 .3 0  ( 1  H ,  d ,  J  =  2  H z ) ,  1 0 . 0 5  ( 1  H ,  s ) .

5- (3',4'-Dihydro-6',8'-dimethoxyspiro[l,3-dithiolane-2,l'- 
(2'H)-naphthaIen]-3'-yl)-3-penten-2-one (16). A  s l u r r y  o f  s o d i u m  

h y d r i d e  ( 5  g  o f  5 0 %  in  m in e r a l  o i l)  in  6 0  m L  o f  d r y  b e n z e n e  w a s  t r e a t e d  

w i t h  1 0  g  ( 0 .0 6  m o l)  o f  d i m e t h y l  p h o s p h o n o a c e t o n e  in  6 0  m L  o f  d r y  

b e n z e n e  s lo w l y  w i t h  s t i r r i n g .  T h e  m i x t u r e  w a s  s t i r r e d  f o r  3 0  m in  a t  

r o o m  t e m p e r a t u r e  a n d  a  s o l u t i o n  o f  a l d e h y d e  15 (9  g , 2 7  m m o l)  in  1 0 0  

m L  o f  b e n z e n e  w a s  a d d e d  d r o p w is e .  T h e  m ix t u r e  w a s  s t i r r e d  o v e r n i g h t  

a n d  2 0  m L  o f  w a t e r  w a s  a d d e d .  T h e  o r g a n i c  l a y e r  w a s  s e p a r a t e d ,  

w a s h e d  w i t h  w a t e r ,  d r i e d  ( M g S 0 4), a n d  e v a p o r a t e d  t o  a f f o r d  a  w h i t e  

s o l i d .  R e c r y s t a l l i z a t i o n  f r o m  b e n z e n e / h e x a n e  g a v e  9  g  (9 0 % )  o f  c r y s 

t a l s :  m p  1 1 2 - 1 1 3  ° C ;  I R  ( C H C I 3 ) 1 6 7 0 ,  1 6 0 0 ,  a n d  1 5 8 0  c m “ 1 ; N M R  

5 2 . 1 0  (9  H ,  m ) ,  3 . 3 5  (4  H ,  m ) ,  3 .6 2  ( 3  H ,  s ) ,  3 . 7 5  ( 3  H ,  s ) ,  5 . 9 9 - 6 . 2 5  (4  

H ,  m ) .
A n a l .  C a l c d  f o r  C 19 H 240 3 S 2 : C ,  6 2 .6 4 ;  H ,  6 .5 8 .  F o u n d :  C ,  6 2 . 7 1 ;  H ,

6 .6 0 .
5-(3',4'-Dihydro-6',8'-dimethoxyspiro[l,3-dithiolane-2,l'- 

(2 '/f)-naphthalen]-3'-yl)-3-penten-2-ol (17). K e t o n e  16 ( 9 .5  g , 2 6  

m m o l)  w a s  d i s s o l v e d  in  2 0 0  m L  o f  d r y  b e n z e n e  a n d  c o o le d  t o  1 0  ° C .  

D i i s o b u t y l a l u m i n u m  h y d r i d e  ( 4 0  m L  o f  a  1  M  s o l u t i o n  in  h e x a n e ,  3 9  

m m o l)  w a s  a d d e d  s lo w l y  w h i l e  m a i n t a i n i n g  t h e  t e m p e r a t u r e  b e lo w  

1 0  ° C .  T h e  m i x t u r e  w a s  s t i r r e d  a t  1 0  ° C  f o r  4  h  a n d  d i lu t e  H C 1  w a s  

a d d e d .  T h e  o r g a n ic  l a y e r  w a s  w a s h e d  w i t h  w a t e r ,  d r i e d  ( M g S 0 4), a n d  

e v a p o r a t e d .  T h e  r e s i d u e  w a s  c h r o m a t o g r a p h e d  o n  s i l i c a  g e l  ( 2 0 0  g) 

w i t h  b e n z e n e / e t h y l  a c e t a t e  (9/1) t o  a f f o r d  t h e  a lc o h o ls  17 a s  a  g u m m y  

s o l id  ( 3 . 3  g ,  6 0 % ) ; I R  (CHCI3 ) 3 4 5 0 , 1 6 0 0 ,  a n d  1 5 8 0  c m " 1 ; N M R  5 1 . 2 7  

( 3  H ,  d ,  J  =  6  H z ) ,  2 . 1 3  ( 8  H ,  m ) ,  3 .5 0  (4  H , m ) ,  3 .7 8  ( 3  H ,  s ) ,  3 .9 0  ( 3  H , 

s ) ,  5 .7 0  ( 2  H ,  m ) ,  6 .2 6  ( 1  H ,  d ,  J  =  2  H z ) ,  6 . 4 1  ( 1  H ,  d ,  J  =  2  H z ) .
Ethyl 3',4'-Dihydro-6',8'-dimethoxy-/3-l-propenylspiro[l,3- 

dithiolane-2,l'(2’H)-naphthalene]-l-butanoate (18). A  m i x t u r e  

o f  a l c o h o l s  17 ( 5 . 1  g ,  1 3  m m o l) ,  2 1  m L  o f  t r i e t h y l  o r t h o a c e t a t e ,  a n d
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7 0  mL  o f  p r o p io n i c  a c i d  w a s  h e a t e d  a t  1 3 5 - 1 4 0  ° C  f o r  5  h  w h i le  a  s lo w  

s t r e a m  o f  n it r o g e n  w a s  f lu s h e d  t h r o u g h  t h e  s y s t e m  t o  r e m o v e  e t h a n o l.  

T h e  r e a c t i o n  m i x t u r e  w a s  e v a p o r a t e d  in  v a c u o  a n d  t h e  r e s i d u e  w a s  

c h r o m a t o g r a p h e d  o n  1 0 0  g  o f  s i l i c a  g e l  e l u t i n g  w i t h  b e n z e n e / e t h y l  

a c e t a t e  ( 9 / 1 )  t o  a f f o r d  e s t e r s  1 8  a s  a  g u m m y  s o l i d  ( 3  g , 5 0 % ) : I R  

( C H C 1 3) 1 7 4 0 , 1 6 0 0 ,  a n d  1 5 8 0  c m ' 1 ; N M R  & 1 . 2 6  ( 3  H ,  t ,  J  =  7  H z ) ,

1 . 6 4  ( 3  H ,  d , J  -  5  H z ) ,  2 . 3 6 - 2 . 0 3  (7  H , m ) ,  3 .5 0  (4  H ,  m ) ,  3 .7 6  ( 3  H ,  s ) ,

3 .8 8  ( 3  H ,  s ) ,  4 . 1 5  ( 2  H ,  q ,  J  =  7  H z ) ,  5 .6 8  ( 2  H .  m ) ,  6 . 2 3  ( 1  H ,  d ,  J  =  

2  H z ) ,  6 .4 3  ( 1 H , d ,« /  =  2 H z ) .
Ethyl l-Oxo-3,4-dihydro-6,8-dimethoxy-/3-l-propenyl- 

naphthalene-3-butyrate (19). T h i o k e t a l  18 ( 0 .9 3  g , 2  m m o l)  w a s  

d i s s o l v e d  in  3 0  m L  o f  m e t h a n o l  c o n t a i n i n g  5 %  w a t e r  a n d  2  m L  o f  

m e t h y l  io d id e  w a s  a d d e d . 14  T h e  s o lu t io n  w a s  r e f l u x e d  o v e r n i g h t ,  t h e  

s o l v e n t  w a s  e v a p o r a t e d ,  a n d  t h e  r e s i d u e  w a s  e x t r a c t e d  w i t h  e t h e r .  T h e  

e x t r a c t  w a s  w a s h e d  w i t h  w a t e r ,  d r i e d  ( M g S 0 4), a n d  e v a p o r a t e d  t o  

a f f o r d  a  g u m  w h i c h  w a s  c h r o m a t o g r a p h e d  o n  2 5  g  o f  s i l i c a  g e l  e lu t in g  

w i t h  b e n z e n e / e t h y l  a c e t a t e  ( 9 5 / 5 ) .  A  g u m m y  p r o d u c t  (0 .4 9  g , 5 0 % )  w a s  

o b t a i n e d  w h i c h  a p p e a r e d  p u r e  b y  T L C :  I R  ( C H C 1 3 ) 1 7 2 0 , 1 6 6 0 ,  a n d  

1 6 0 0  c m - 1 ; N M R  b 1 . 2 6  ( 3  H ,  t ,  J  =  7  H z ) ,  1 . 6 3  ( 3  H ,  d ,  J  =  6  H z ) ,

2 . 8 1 - 2 . 1 6  ( 6  H ,  m ) ,  4 . 1 5  ( 2  H ,  q ,  J  =  7  H z ) ,  5 .4 5  ( 2  H ,  m ) ,  6 .4 0  ( 2  H ,  d , 

J  =  2  H z ) .
3,4,4a,10-Tetrahydro-6,8-dimethoxy-3-( 1 -propenyl)- 

l,9(2if,9aff)-anthracenedione (20). K e t o e s t e r  19 ( 2 5 0  m g , 0 .7  

m m o l) ,  7  m L  o f  d r y  t o l u e n e ,  5  ,u L  o f  e t h a n o l ,  a n d  3 8  m g  ( 0 .7 9  m m o l)  

o f  a  5 0 %  o i l  d i s p e r s io n  o f  s o d i u m  h y d r i d e  w e r e  r e f l u x e d  u n d e r  n it r o g e n  

f o r  5 .5  h . T h e  m ix t u r e  w a s  d i lu t e d  w i t h  e t h e r  a n d  w a s h e d  w i t h  3% H C 1  

a n d  s a t u r a t e d  N a H C C > 3 . T h e  c o m b i n e d  a q u e o u s  f r a c t i o n  w a s  b a c k  

e x t r a c t e d  t w ic e  w i t h  C H 2 C I 2  a n d  t h e  o r g a n ic  e x t r a c t s  w e r e  c o m b in e d  

a n d  d r i e d  ( M g S 0 4). U p o n  e v a p o r a t i o n  o f  s o l v e n t  2 0 5  m g  o f  c r u d e  

m a t e r i a l  w a s  o b t a i n e d .  T h i s  r e s i d u e  w a s  d i s s o l v e d  in  a b o u t  4  m L  o f  

h o t  b e n z e n e .  H e x a n e  w a s  a d d e d  a n d  t h e  m i x t u r e  w a s  s lo w l y  c o o le d  

t o  ro o m  t e m p e r a t u r e  a n d  s t o r e d  a t  — 2 0  ° C  o v e r n i g h t .  T h e  s o l id  w h ic h  

f o r m e d  w a s  c o l l e c t e d  a n d  d r i e d  t o  g i v e  1 0 5  m g  o f  20, m p  1 3 5 - 1 4 5  ° C .  

P r e p a r a t i v e  T L C  o f  t h e  r e c r y s t a l l i z a t i o n  r e s i d u e  ( 1 0 %  e t h e r / C ^ C D  

g a v e  a n  a d d i t io n a l  3 8  m g  o f  20. T o t a l  y ie ld :  1 4 3  m g  (6 4 % ); N M R  b 6 .4 1  

( 2  H ,  m ) ,  3 .9 2  (3 H ,  s ) ,  3 . 8 5  ( 3  H ,  s ) ,  2 .6 2  (4  H ,  m ) ,  2 . 4 8 - 2 . 2  ( 2  H ,  m ) ,

2 . 4 - 1 . 7  (4  H ,  m ) ,  1 . 6 5  ( 1 . 5  H ,  d ,  J  =  8  H z ) ,  1 . 5 8  (1.5 H ,  d ,  J  =  8  H z ) ;  

I R  ( C H C I 3 ) 1 6 0 0  c m " 1 ; Xraax ( C H 3 O H )  3 4 7 ,  2 8 0  n m  ( t 1 4  0 0 0 , 

4 8 0 0 ) .
1.2.3.4- Tetrahydro-5,7-dimethoxy-10-hydroxy-4-oxo-3-pro- 

penylanthraeene (21). D i k e t o n e  20 ( 0 .2 3  g , 0 .7  m m o l)  a n d  c h lo r a n i l  

( 0 .2 4  g , 1  m m o l)  w e r e  d i s s o l v e d  in  2 0  m L  o f  d r y  b e n z e n e  a n d  h e a t e d  

a t  r e f l u x  f o r  4 8  h  u n d e r  n i t r o g e n .  T h e  s o l v e n t  w a s  r e m o v e d  a n d  t h e  

r e s i d u e  w a s  c h r o m a t o g r a p h e d  o n  5  g  o f  s i l i c a  g e l.  E l u t i o n  w i t h  b e n z e n e  

g a v e  u n c o n s u m e d  c h lo r a n i l  a n d  e l u t i o n  w i t h  b e n z e n e / e t h y l  a c e t a t e  

( 9 5 / 5 )  p r o v i d e d  21. R e c r y s t a l l i z a t i o n  f r o m  b e n z e n e / h e x a n e  g a v e  0 . 1 1  

g  (5 0 % )  o f  21: m p  1 2 7 - 1 2 8  ° C ;  I R  ( C H C lg )  3 4 0 0 , 1 6 2 0 ,  a n d  1 6 0 5  c m “ 1 ; 

N M R  b 1 . 7 0  ( 3  H ,  d ,  J  =  5  H z ) ,  2 . 7 5 - 2 . 9 5  ( 5  H ,  m ) ,  3 .9 6  ( 3  H ,  s ) ,  4 .0 8  

( 3  H ,  s ) ,  5 .7 5  (2  H , m ) ,  6 . 6 1 - 6 . 9 1  ( 3  H ,  m ) , 1 5 . 1 5  ( 1  H ,  s ) ;  m a s s  s p e c t r u m  

( 7 0  e V ) ,  m /e  ( r e l  i n t e n s i t y )  3 1 2  ( M + ,  1 2 ) ,  2 7 0  ( 1 2 ) ,  2 4 5  (8 ) , 5 7  

(100).
A n a l .  C a l c d  f o r  C , 9H 2 o0 4: C ,  7 3 . 7 2 ;  H ,  6 .4 0 . F o u n d :  C ,  7 2 . 9 2 ;  H , 

6 .7 8 .

1.2.3.4- Tetrahydro-5,7,10-trimethoxy~4-oxo-3-propenylan- 
thracene (22). P h e n o l  21 ( 2 8 0  m g , 0 .9  m m o l)  a n d  p o t a s s i u m  tert- 
b u t o x i d e  ( 1 1 2  m g , 1 . 3 4  m m ol) in  1  m L  o f  1 , 2 - d i m e t h o x y e t h a n e  w a s  

t r e a t e d  w i t h  1 0 5  m g  ( 0 .9 2  m m o l)  o f  m e t h y l  f l u o r o s u l f o n a t e .  T h e  

m ix t u r e  w a s  s t i r r e d  f o r  3 0  m in  a t  r o o m  t e m p e r a t u r e  a n d  a n  a d d i t io n a l  

2 0  m g  ( 0 . 1 8  m m o l)  o f  m e t h y l  f l u o r o s u l f o n a t e  w a s  a d d e d .  T h e  m i x t u r e  

w a s  s t i r r e d  f o r  5  m in  lo n g e r ,  d i lu t e d  w i t h  m e t h y le n e  c h lo r id e ,  w a s h e d  

w i t h  5 %  s o d i u m  h y d r o x i d e  a n d  b r i n e ,  a n d  d r i e d  o v e r  M g S 0 4. E v a p 

o r a t i o n  o f  t h e  s o l v e n t  y i e l d e d  3 0 0  m g  o f  c r u d e  p r o d u c t  w h i c h  w a s  

c h r o m a t o g r a p h e d  o n  1 0  g  o f  s i l i c a  g e l,  e lu t in g  w i t h  5 %  e t h e r / m e t h y le n e  

c h lo r i d e  t o  a f f o r d  2 5 0  m g  ( 8 5 % )  o f  c r y s t a l l i n e  e t h e r  22 a l o n g  w i t h  5  

m g  o f  u n r e a c t e d  p h e n o l  2 1 . R e c r y s t a l l i z a t i o n  o f  22 f r o m  e t h e r  y i e l d e d  

l i g h t  o r a n g e  p r i s m s :  m p  1 3 8 - 1 3 9  ° C ;  I R  ( C H C 1 3) 1 6 7 5 , 1 6 1 5 ,  a n d  1 5 6 0  

c m " 1 ; N M R  6 1 . 6 5  ( 3  H ,  d ,  J  =  5  H z ) ,  2 . 3 - 3 . 2  ( 5  H ,  m ) ,  3 .9 2  ( 6  H ,  s ) ,

3 .9 5  ( 3  H , s ) , 5 .4 0 - 5 .6 0  (2  H ,  m ) ,  6 .4 4  ( 1  H ,  h r  s ) ,  6 .5 8  ( 1 H ,  d ,  J  =  2  H z ) ,
7 . 1 9  ( l H , s ) .

A n a l .  C a l c d  f o r  C 2 0 H 2 2 O 4 : m /e  3 2 6 . 1 5 1 6 .  F o u n d :  m /e  3 2 6 . 1 5 1 9 .

1.2.3.4- Tetrahydro-5,7,10-trimethoxyl-4-oxo-3-formyJan- 
thracene (23). T o  a  s o l u t i o n  o f  21 m g  ( 0 .0 6 5  m m o l)  o f  a l k e n e  22 in  

2  m L  o f  d i o x a n e / w a t e r  (3/1) w a s  a d d e d  2  m g  o f  o s m i u m  t e t r o x i d e  a n d  

t h e  m i x t u r e  w a s  s t i r r e d  f o r  3 0  m in .  S o d i u m  m e t a p e r i o d a t e  ( 6 5  m g ,

0 .3  m m o l)  w a s  a d d e d  in  p o r t i o n s  o v e r  a  5 - h  p e r i o d .  T h e  r e a c t i o n  

m i x t u r e  w a s  d i lu t e d  w i t h  m e t h y le n e  c h lo r i d e  a n d  w a s h e d  w i t h  s a t u 

r a t e d  s o d i u m  s u l f i t e ,  5 %  s o d i u m  h y d r o x i d e ,  a n d  b r i n e .  T h e  o r g a n i c  

l a y e r  w a s  d r i e d  ( M g S 0 4) a n d  e v a p o r a t e d  t o  y i e l d  1 1  m g  ( 5 5 % )  o f  a  r e d  

g u m , w h ic h  w a s  f u r t h e r  p u r i f i e d  b y  p r e p a r a t i v e  T L C  d e v e l o p i n g  w i t h  

e t h y l  a c e t a t e :  N M R  5 2 . 8 - 3 . 4  ( 5  H ,  m ) ,  3 .9 0  ( 6  H ,  s ) ,  3 .9 4  ( 3  H ,  s ) ,  6 .4 4  

( 1  H ,  d ,  J  =  2  H z ) ,  6 .5 8  ( 1  H ,  d ,  J  =  2  H z ) ,  7 . 2 3  ( 1  H ,  s ) ,  9 .7 6  ( 1  H ,  s ) ;

I R  ( f i l m )  1 7 2 0 ,  1 6 8 0 ,  1 6 2 0 ,  a n d  1 5 6 0  c m  ' ;  m a s s  s p e c t r u m  m /e  ( r e l  

i n t e n s i t y )  3 1 4  ( 1 0 0 ) ,  2 8 5  ( 2 7 ) ,  2 5 7  ( 2 2 ) ,  1 6 5  ( 2 9 ) ,  1 4 7  ( 6 0 ) .

Methyl trans-2,2,5-Trimethyl-1,3-dioxolane-4-carboxylate 
(27a). D i o l  26 ( 1 2 . 5  g ,  1 0 8  m m o l) ,  3 0 0  m g  o f  p - t o l u e n e s u l f o n i c  a c i d ,  

a n d  3  g  o f  a n h y d r o u s  c u p r i c  s u l f a t e  in  5 0  m L  o f  a c e t o n e  w e r e  s t i r r e d  

a t  r o o m  t e m p e r a t u r e  f o r  1 4  h . T h e  m i x t u r e  w a s  f i l t e r e d  a n d  e v a p o 

r a t e d .  T h e  r e s i d u e  w a s  d i s s o l v e d  in  e t h e r  a n d  w a s h e d  w i t h  5 %  s o d i u m  

h y d r o x i d e  a n d  b r i n e  a n d  d r i e d  w i t h  M g S 0 4. E v a p o r a t i o n  o f  t h e  s o l 

v e n t  in  v a c u o ,  f o l lo w e d  b y  d i s t i l l a t i o n  ( 2 2  ° C  ( 0 .0 8  m m ) ) ,  a f f o r d e d  7 .7  

g  ( 4 7 % )  o f  a c e t o n i d e  27a: I R  ( f i lm )  1 7 6 0  a n d  1 7 3 5  c m " 1 ; N M R  <5

1 . 4 -  1 . 9 8  (9  H , m ) ,  3 .8  ( 3  H , s ) ,  4 . 4 - 4 . 0 5  ( 2  H ,  m ) .

a-Methoxy- trans-2,2,5-trimethyl-l,3-dioxolane-4-methanol
(29). D i i s o b u t y l a l u m i n u m  h y d r i d e  ( 4 .7  m L  o f  a  1  M  s o l u t i o n  in  h e x 

a n e )  w a s  a d d e d  o v e r  5  m i n  t o  a  s o l u t i o n  o f  0 . 7 2  g  ( 4 . 1  m m o l)  o f  e s t e r  

27a in  1 5  m L  o f  e t h e r  a t  —7 8  ° C .  T h e  m i x t u r e  w a s  s t i r r e d  f o r  3 0  m in  

a n d  2 .5  m L  o f  m e t h a n o l  w a s  a d d e d .  T h e  r e a c t io n  m i x t u r e  w a s  w a r m e d  

t o  r o o m  t e m p e r a t u r e  a n d  s t i r r e d  f o r  2  h . T h e  m i x t u r e  w a s  f i l t e r e d  a n d  

t h e  f i l t e r  c a k e  w a s  w a s h e d  t h o r o u g h l y  w i t h  e t h e r .  E v a p o r a t i o n  o f  t h e  

s o lv e n t  a f f o r d e d  0 . 6 1  g  ( 8 5 % )  o f  h e m ia c e t a l  29: I R  ( f i lm )  3 4 3 5  a n d  1 0 8 0  

c m “ 1 ; N M R  b 1 . 3  ( 3  H ,  d ,  J  =  7  H z ) ,  1 . 4  ( 6  H ,  s ) ,  3 . 5  ( 3  H ,  s ) ,  3 . 7 - 4 . 7  

( 3  H ,  m ) ; C l  m a s s  s p e c t r u m  ( i s o b u t a n e ) ,  m /e  ( r e l  i n t e n s i t y )  1 4 5  ( 1 0 0 ) ,  

1 1 5 ( 1 0 ) ,  1 0 1  ( 1 5 ) .

H e m i a c e t a l  29 ( 1 1 0  m g ,  0 . 6 3 5  m m o l)  w a s  s t i r r e d  w i t h  1 2  m L  o f  

a c e t i c  a n h y d r i d e  in  1  m L  o f  a n h y d r o u s  p y r i d i n e  f o r  2  h  a t  r o o m  t e m 

p e r a t u r e .  T h e  m i x t u r e  w a s  d i lu t e d  w i t h  e t h e r ,  w a s h e d  w i t h  3 %  H C 1 ,  

5 %  N a O H ,  a n d  b r i n e ,  d r i e d  ( M g S 0 4), a n d  e v a p o r a t e d  t o  a f f o r d  5 1  m g  

o f  a n  o i l .  B u l b - t o - b u l b  d i s t i l l a t i o n  ( 8 0  ° C  ( 2  m m ) )  g a v e  4 0  m g  ( 3 4 % )  

o f  p u r e  a c e t a t e  30: I R  ( f i l m )  1 7 5 0  a n d  1 0 9 0  c m - 1 ; N M R  <5 1 . 3 5 - 1 . 4 5  

(9  H ,  m ) ,  2 .2 0  ( 3  H ,  s ) ,  3 . 5 5  ( 3  H ,  s ) ,  3 . 7 5  ( 1  H ,  m ) ,  4 . 2  ( 1  H ,  m ) .

trans-2,2,5-Trimethyl-l,3-dioxoIane-4-methanol (31). E s t e r  

2 7  ( 2  g , 1 1 . 3  m m o l)  in  1 0  m L  o f  e t h e r  w a s  a d d e d  d r o p w i s e  t o  a  s l u r r y  

o f  0 .4 6  g ( 1 1 . 3  m m o l)  o f  l i t h i u m  a l u m i n u m  h y d r i d e  in  3 0  m L  o f  d r y  

e t h e r .  T h e  m i x t u r e  w a s  c o o le d  a n d  w a t e r  w a s  c a u t i o u s l y  a d d e d .  T h e  

m i x t u r e  w a s  f i l t e r e d  a n d  t h e  f i l t e r  c a k e  w a s  t h o r o u g h l y  w a s h e d  w i t h  

e t h e r .  T h e  c o m b i n e d  f i l t r a t e  w a s  e v a p o r a t e d  t o  a f f o r d  1 . 5 5  g  ( 9 3 % )  

o f  a lc o h o l  31: I R  ( f i lm )  3 4 5 0  c m - 1 ; N M R  b 1 . 2 5  ( 3  H , d ,  J  =  4 H z ) ,  1 . 3 5  

( 6  H ,  s ) ,  2 . 4 - 2 . 8  ( 1  H ,  b r  s , O H ) ,  3 . 5 - 4 . 1  ( 2  H ,  m ) .

trans-4-Phenylthiomethyl-2,2,5-trimethyl-1,3-dioxolane (32). 
T o  a  s o l u t i o n  o f  0 . 1 4 4  g  ( 1 . 4 6  m m o l)  o f  t r i e t h y l a m i n e  a n d  0 . 1 4 5  g  ( 1  

m m o l)  o f  a l c o h o l  31 in  1 . 5  m L  o f  m e t h y le n e  c h lo r i d e  c o o le d  t o  0  ° C  

w a s  a d d e d  d r o p w i s e  0 . 1 3 5  g  ( 1 . 2  m m o l)  o f  m e t h a n e s u l f o n y l  c h lo r i d e .  

T h e  r e a c t i o n  m i x t u r e  w a s  s t i r r e d  a t  0  ° C  f o r  1 5  m in  a n d  w a r m e d  t o  

r o o m  t e m p e r a t u r e .  T h e  m i x t u r e  w a s  d i lu t e d  w i t h  m e t h y le n e  c h lo r id e  

a n d  w a s h e d  w i t h  3 %  h y d r o c h lo r ic  a c id ,  s a t u r a t e d  s o d i u m  b ic a r b o n a t e ,  

a n d  b r i n e ,  d r i e d  ( M g S 0 4), a n d  e v a p o r a t e d  t o  a f f o r d  1 6 4  m g  ( 7 5 % )  o f  

m e s y l a t e .  T h i s  m a t e r i a l  w a s  a d d e d  t o  a  s o l u t i o n  o f  s o d i u m  t h i o p h e -  

n o x id e  ( fo r m e d  f r o m  4 3  m g  ( 2 .9  m m o l)  o f  s o d i u m  m e t a l  a n d  0 .3 2  g  ( 2 .9  

m m o l)  o f  t h io p h e n o l )  in  2  m L  o f  a b s o l u t e  e t h a n o l  a n d  s t i r r e d  a t  r o o m  

t e m p e r a t u r e  o v e r n i g h t .  T h e  e t h a n o l  w a s  e v a p o r a t e d  a n d  t h e  r e s i d u e  

w a s  d i s s o l v e d  in  e t h e r ,  w a s h e d  w i t h  5 %  N a O H  a n d  b r i n e ,  d r i e d  

( M g S 0 4) ,  a n d  e v a p o r a t e d  t o  a f f o r d  1 3 5  m g  ( 7 8 %  b a s e d  o n  m e s y l a t e )  

o f  c r u d e  s u l f i d e  32: I R  ( f i l m )  3 1 0 0  a n d  1 5 9 0  c m - 1 ; N M R  b 1.35 <3 H , 

d ,  J  =  6  H z ) ,  1 . 4 0  ( 6  H ,  s ) ,  3 . 1 5  ( 2  H ,  m ) , 3 . 6 5 - 4 . 0  ( 2  H ,  m ) ,  7 . 3 5  ( 5  H , 

m ) .

Preparation of Sulfoxides 33. S u l f i d e  32 ( 1 . 1 1  g ,  4 .7  m m o l)  w a s  

s t i r r e d  f o r  2 2  h  w i t h  1 . 4 4  g  (6.8  m m o l)  o f  s o d i u m  m e t a p e r i o d a t e  in  1 0  

m L  o f  m e t h a n o l .  T h e  m i x t u r e  w a s  f i l t e r e d  a n d  e v a p o r a t e d .  T h e  r e s 

id u e  w a s  d i s s o l v e d  in  e t h e r  a n d  w a s h e d  w i t h  5 %  N a O H  a n d  b r i n e ,  

d r i e d  ( M g S 0 4) , a n d  e v a p o r a t e d .  T h e  r e s i d u e  w a s  r a p i d l y  c h r o m a t o 

g r a p h e d  o n  2 0  g  o f  s i l i c a  g e l  in  e t h e r  t o  r e m o v e  s o m e  r e s i d u e  o f  d i 

p h e n y l  d i s u l f i d e  a f f o r d i n g  0 .9 6  g  ( 7 3 % )  o f  a  1 : 1  m i x t u r e  o f  d i a s t e r e o -  

m e r i c  s u l f o x i d e s  33: I R  ( f i l m )  3 1 0 0 ,  1 5 9 0 ,  a n d  1 0 4 0  c m - 1 . S a m p l e s  o f  

p u r e  s u l f o x i d e  is o m e r s  w e r e  s e p a r a t e d  b y  c h r o m a t o g r a p h y  o n  a c t i v i t y  

I I I  a l u m i n a  e l u t i n g  w i t h  e t h e r / m e t h y l e n e  c h lo r i d e  ( 1 / 1 ) .  M o r e  p o l a r  

d i a s t e r e o m e r :  N M R  b 1 . 2 8  ( 3  H ,  d ,  J  =  6  H z ) ,  1 . 4 2  ( 3  H ,  s ) ,  1 . 4 6  ( 3  H ,  

s ) ,  2 . 8 - 3 . 1  ( 2  H ,  m ) ,  3 . 6 - 4 . 4  ( 2  H ,  m ) .  L e s s  p o l a r  d i a s t e r e o m e r :  N M R  

b 1 . 2 2  ( 3  H , d , J  =  6  H z ) ,  1 . 3 5  ( 3  H ,  s )  1 . 4 0  ( 3  H ,  s ) ,  2 . 9 - 3 . 1  ( 2  H , m ) ,

3 . 4 -  4 .4  ( 2  H ,  m ) .

a-Hydroxy- trans-2,2,5-trimethyl-l,3-dioxoline-4-methanol
(28). T r i f l u o r o a c e t i c  a n h y d r i d e  ( 7 9  m g , 0 . 3 5  m m o l)  w a s  a d d e d  t o  a  

s o lu t io n  o f  6 9  m g  ( 0 .2 7  m m o l)  o f  s u l f o x i d e s  33 in  1  m L  o f  b e n z e n e  a n d  

t h e  s o lu t io n  w a s  s t i r r e d  a t  r o o m  t e m p e r a t u r e  fo r  5  m in . P y r i d i n e  ( 0 .0 5  

m L .  6 .2  m m o l)  w a s  a d d e d  a n d  t h e  m i x t u r e  w a s  s t i r r e d  f o r  a n  a d d i 

t i o n a l  2 0  m in .  T h e  m i x t u r e  w a s  d i lu t e d  w i t h  e t h e r ,  w a s h e d  w i t h  3 %  

H C 1 ,  5 %  N a O H ,  a n d  b r i n e ,  d r i e d  ( M g S 0 4), a n d  e v a p o r a t e d  t o  a f f o r d  

7 2  m g  (8 4 % )  o f  o i ly  t r i f l u o r o a c e t a t e  34: I R  ( f i lm )  3 1 0 0 , 1 7 9 5 ,  a n d  1 5 9 5  

c m - 1 ; N M R  6 1 . 3 - 1 . 5  (9  H , m ) ,  3 . 8 - 4 . 5  ( 2  H ,  m ) ,  6 .3  ( 1  H , m ) ,  7 . 3 5  ( 5  
H ,  m ) .

T h e  t r i f l u o r a c e t a t e  3 4  w a s  s t i r r e d  w i t h  6 9  m g  o f  m e r c u r i c  c h lo r i d e  

a n d  5 6  m g  o f  p o t a s s i u m  c a r b o n a t e  in  2  m L  o f  9 5 %  e t h a n o l  a t  r o o m  

t e m p e r a t u r e  o v e r n i g h t .  T h e  s o l v e n t  w a s  r e m o v e d  in  v a c u o  a n d  t h e
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r e s i d u e  w a s  t a k e n  u p  in  m e t h y le n e  c h lo r id e  a n d  f i l t e r e d .  E v a p o r a t i o n  

o f  t h e  s o l v e n t  g a v e  2 5  m g  ( 7 8 % )  o f  h y d r a t e  28. T h i s  m a t e r i a l  w a s  

i d e n t i c a l  t o  a  s a m p l e  p r e p a r e d  b y  a n  a q u e o u s  w o r k u p  o f  a  D i b a l  r e 

d u c t io n  o f  e s t e r  27a: I R  ( f i lm )  3 4 5 0  a n d  1 0 9 0  c m - 1 ; N M R  6 1 . 2  ( 3  H ,  

s ) ,  1 . 4 2  ( 6  H ,  s ) ,  3 . 2 - 4 . 7  ( 3  H ,  m ) .

tAreo-2,3-Dihydroxy-3-(l,3-dithian-2-yl)-propane (25). H y 

d r a t e  28 ( 2 0 0  m g , 1 . 1 3  m m o l)  w a s  s t i r r e d  a t  r o o m  t e m p e r a t u r e  w i t h

0 . 3 5  g  ( 3 .3  m m o l)  o f  1 , 3 - p r o p a n e d i t h i o l  a n d  0 .0 2  m L  o f  B F 3- e t h e r a t e  

in  5  m L  o f  m e t h y le n e  c h lo r i d e  f o r  1 4  h . T h e  s o l v e n t  w a s  r e m o v e d  in  

v a c u o  a n d  t h e  r e s i d u e  w a s  c h r o m a t o g r a p h e d  o n  1 0  g  o f  s i l i c a  g e l,  

e l u t i n g  f i r s t  w i t h  m e t h y le n e  c h lo r i d e  t o  r e m o v e  1 , 3 - p r o p a n e d i t h i o l  

a n d  2 , 2 - d i m e t h y l - l , 3 - d i t h a n e ,  t h e n  w i t h  e t h e r / m e t h y l e n e  c h lo r i d e  

( 1 0 / 9 0 )  t o  r e m o v e  m in o r  p r o d u c t s ,  a n d  f i n a l l y  w i t h  e t h e r / m e t h y l e n e  

c h lo r id e  ( 2 0 / 8 0 )  t o  a f f o r d  1 5 5  m g  ( 7 3 % )  o f  d i t h i a n e  25: I R  ( f i lm )  3 4 5 0  

c m “ 1 ; N M R  5 1 . 2 5  ( 3  H ,  d ,  J  =  8  H z ) ,  2 . 1  ( 2  H ,  m ) ,  2 . 5 - 3 . 0  ( 6  H ,  m ) ,

3 .6 0  ( 1  H ,  d d ,  J  =  4 , 8  H z ) ,  3 . 9 - 4 . 4  ( 1  H ,  m ) .

trans-(2-Cyclohexyl-l,3-dithian-2-yl)(2,2,5-trimethyl-l,3- 
dioxolan-4-yl)methanone (37). n - B u t y l l i t h i u m  ( 7 .4  m L  o f  a  2 .2  M  

s o l u t i o n  in  h e x a n e ,  1 5 . 5  m m o l)  w a s  a d d e d  t o  a  - 2 0  ° C  s o l u t i o n  o f  3  

g  ( 1 4 . 5  m m o l)  o f  c y c l o h e x y l  d i t h i a n e  36 in  6 0  m L  o f  d r y  T H F . 20  T h e  

m i x t u r e  w a s  s t i r r e d  f o r  1 . 5  h  a t  - 2 0  ° C  a n d  c o o le d  t o  —7 8  ° C  a n d  3  

g  ( 1 7  m m o l)  o f  e s t e r  27a w a s  a d d e d  d r o p w i s e .  A f t e r  s t i r r i n g  f o r  1  h , 

t h e  m i x t u r e  w a s  w a r m e d  t o  r o o m  t e m p e r a t u r e  a n d  w a s  e v a p o r a t e d  

in  v a c u o .  E t h e r  a n d  w a t e r  w e r e  a d d e d  t o  t h e  r e s i d u e  a n d  t h e  o r g a n i c  

l a y e r  w a s  w a s h e d  w i t h  w a t e r ,  d r i e d  ( M g S 0 4) , a n d  e v a p o r a t e d .  T h e  

r e s i d u e  w a s  c h r o m a t o g r a p h e d  o n  1 2 0  g  o f  s i l i c a  g e l  in  C F H C L / h e x a n e  

( 1 / 1 )  t o  a f f o r d  3  g  (6 0 % )  o f  a  w a x y  s o l id .  A  s a m p l e  r e c r y s t a l l i z e d  f r o m  

h e x a n e  h a d  m p  7 0 - 7 2  ° C :  I R  ( f i lm )  1 7 0 5  c m - 1 ; N M R  5 1 . 1 - 2 . 1  ( 1 3  H , 

m ) ,  1 . 3 5  ( 3  H ,  d ,  J  =  6  H z ) ,  1 . 4 2  ( 3  H ,  s ) ,  1 . 4 8  ( 3  H ,  s ) ,  2 . 4 - 2 . 6 5  (4  H ,  

m ) ,  3 . 1 5  ( 1  H ,  d t ,  J  =  1 2 ,  2  H z ) ,  4 . 3 5  ( 1  H ,  m ) , 4 .5 8  ( 1  H , d ,  J  =  8  

H z ) .

A n a l .  C a l c d  f o r  C 1 7 H 28O 3 S 2 : C ,  5 9 . 2 9 ;  H ,  8 . 1 9 .  F o u n d :  C ,  5 9 .6 8 ;  H , 

8 .3 7 .

trans-2-Cyclohexyl-l-(2,2,5-trimethyl-l,3-dioxolan-4-yl)- 
ethanone (38). T h i o k e t a l  37 ( 3 0 0  m g , 0 .8 7  m m o l)  w a s  s t i r r e d  3 0  m in  

a t  r o o m  t e m p e r a t u r e  w i t h  5  g  o f  f r e s h l y  p r e p a r e d  R a n e y  n i c k e l  ( a c 

t i v i t y  W - 2 )  in  1 0  m L  o f  a b s o l u t e  e t h a n o l .  T h e  r e a c t i o n  m i x t u r e  w a s  

f i l t e r e d  a n d  e v a p o r a t e d  in  v a c u o  t o  1 8 0  m g  o f  c r u d e  k e t o n e  38 w h ic h  

w a s  p u r i f i e d  b y  b u l b - t o - b u l b  d i s t i l l a t i o n  ( 8 5  ° C  ( 0 . 1  m m ) )  a n d  t h e n  

b y  c h r o m a t o g r a p h y  o n  s i l i c a  g e l  e l u t i n g  w i t h  m e t h y le n e  c h lo r i d e  t o  

a f f o r d  1 2 0  m g  (6 0 % )  o f  p u r e  k e t o n e :  I R  ( f i lm )  1 7 0 5  c m - 1 ; N M R  5
0 . 9 - 2 . 1  ( 1 1  H ,  m ) ,  1 . 3 8  ( 3  H ,  d ,  J  =  7  H z ) ,  1 . 4 5  ( 6  H ,  s ) ,  2 . 5 5  ( 2  H ,  d ,  

J  =  7  H z ) ,  3 . 9 - 4 . 4  ( 2  H ,  m ) .

[4a,5j3]-2-Cyclohexyl-2-hydroxy-l-(2,2,5-trimethyl-l,3-diox- 
olan-4-yl)ethanone (40 or 42). A  s o l u t i o n  o f  l i t h i u m  d i i s o p r o p -  

y l a m i d e  w a s  f o r m e d  a t  - 2 0  ° C  b y  a d d i t i o n  o f  0 . 2 1  m L  ( 0 .3 4  m m o l)  

o f  1 . 6  M  n - b u t y l l i t h i u m  t o  a  s o l u t i o n  o f  3 6  m g  ( 0 . 3 5 5  m m o l)  o f  d i i s o 

p r o p y l a m i n e  in  2  m L  o f  T H F .  T h e  s o lu t io n  w a s  c o o le d  t o  - 7 0  ° C  a n d  

5 0  m g  ( 0 . 2 1  m m o l)  o f  k e t o n e  38 in  0 .5  m L  o f  d r y  h e x a n e  w a s  a d d e d  

d r o p w is e  o v e r  a  3 - m i n  p e r i o d .  T h e  s o lu t io n  w a s  s t i r r e d  f o r  3 0  m in  a n d  

0 . 1 5  m L  ( 1 . 2  m m o l)  o f  c h l o r o t r i m e t h y l s i l a n e  w a s  a d d e d .  T h e  m i x t u r e  

w a s  w a r m e d  t o  r o o m  t e m p e r a t u r e  a n d  p o u r e d  o n t o  a q u e o u s  s o d i u m  

b ic a r b o n a t e .  T h e  m ix t u r e  w a s  e x t r a c t e d  w i t h  m e t h y le n e  c h lo r id e ,  a n d  

t h e  o r g a n i c  p h a s e  w a s  d r i e d  ( M g S 0 4) a n d  e v a p o r a t e d  t o  y i e l d  5 5  m g  

( 8 8 % ) o f  c r u d e  s i l y le n o l  e t h e r  39: IR ( f i l m )  1 6 6 5 ,  1 2 4 5 ,  a n d  8 4 0  c m - 1 ; 

5 0 .2 8  (9  H , s ) ,  1 . 0 - 2 . 5  ( 1 1  H , m ) ,  1 . 4 5 ,  ( 3  H ,  d ,  J  =  6  H z ) ,  1 . 7 0  ( 6  H ,  s ) ,

3 . 7 - 4 . 3  ( 2  H ,  m ) ,  4 . 7 8  ( 1  H ,  d ,  J  =  1 0  H z ) .

T h i s  m a t e r i a l  in  2  m L  o f  d r y  h e x a n e  w a s  c o o le d  t o  — 2 0  ° C  a n d  

t r e a t e d  w i t h  4 0  m g  ( 0 .2 3  m m o l)  o f  p u r i f i e d  m - c h l o r o p e r b e n z o i c  a c id .  

T h e  r e a c t i o n  m i x t u r e  w a s  s t i r r e d  f o r  1  h  d u r i n g  w h i c h  t im e  t h e  f l a s k  

w a s  w a r m e d  to  + 1 0  ° C .  T h e  m ix t u r e  w a s  d i lu t e d  w i t h  a q u e o u s  s o d i u m  

s u l f a t e  a n d  e x t r a c t e d  w i t h  m e t h y le n e  c h lo r id e .  T h e  o r g a n ic  p h a s e  w a s  

w a s h e d  w i t h  3 %  H C 1 ,  s a t u r a t e d  s o d i u m  b i c a r b o n a t e ,  a n d  b r i n e ,  d r i e d  

w i t h  M g S 0 4 , a n d  e v a p o r a t e d  t o  g i v e  4 0  m g  ( 7 9 % )  o f  c r u d e  a c y lo i n .  

P r e p a r a t i v e  T L C  o f  t h is  m a t e r i a l  e lu t in g  w i t h  m e t h y le n e  c h lo r id e  g a v e  

2 5  m g  (5 0 % )  o f  p u r e  a c y lo i n  a s  a  c o lo r le s s  o i l:  I R  ( f i lm )  3 4 5 0  a n d  1 7 1 0  

c m ' 1 ; N M R  ( 2 7 0  M H z )  0 1 . 0 - 2 . 5  ( 1  H ,  m ) , 1 . 3 6  ( 3  H , d ,J  =  6 H z ) ,  1 . 3 9  

( 3  H , s ) ,  1 . 4 0  (3  H ,  s ) ,  3 .9 4  ( 1  H , d q ,  J  =  8 , 6  H z ) , 4 .0 4  ( 1  H ,  d , J  =  8  H z ) ,

4 .2 0  ( 1  H ,  b r  s ) .
[ 4 a , 5 | S ] - 2 - C y c l o h e x y l - 2 - a c e t o x y - l - ( 2 , 2 , 5 - t r i m e t h y l - l , 3 - d i o x -  

o l a n - 4 - y l ) e t h a n o n e  ( 4 1  o r  4 3 ) .  K e t o a l c o h o l  4 0  o r  4 2  ( 5  m g ,  0 .0 2  

m m o l)  w a s  s t i r r e d  a t  r o o m  t e m p e r a t u r e  f o r  1 2  h  w i t h  e x c e s s  a c e t i c  

a n h y d r i d e  in  0 .5  m L  o f  d r y  p y r i d i n e .  T h e  m i x t u r e  w a s  d i l u t e d  w i t h

m e t h y le n e  c h lo r i d e ,  w a s h e d  w i t h  3 %  H C 1  a n d  s a t u r a t e d  s o d i u m  b i 

c a r b o n a t e ,  d r i e d  ( M g S 0 4), a n d  e v a p o r a t e d  t o  g i v e  5  m g  (8 6 % ) o f  a c 

e t a t e :  I R  ( f i lm )  1 7 4 0  a n d  1 7 2 5  c m ' 1 ; N M R  S 1 . 0 - 2 . 2  ( 1 1  H ,  m ) , 

1 . 4 2 - 1 . 5 2  (9  H ,  m ) ,  2 . 1 2  ( 3  H ,  s ) ,  3 . 9 - 4 . 3  ( 2  H ,  m ) ,  5 .0 2  ( 1  H ,  d, J  =  4  
H z ) .

A n a l .  C a l c d  f o r  C 1 6 H 2 6 0 5 : m le  2 9 8 . 1 7 8 0 .  F o u n d :  m /e  2 9 8 . 1 7 7 7 .
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R e g i s t r y  No.—6, 6 6 5 2 - 3 2 - 0 ;  7, 5 8 5 9 - 6 8 - 7 ;  8 , 6 7 1 9 4 - 8 8 - 1 ;  9, 
6 7 1 9 4 - 8 9 - 2 ;  10, 6 7 1 9 4 - 9 0 - 5 ;  11, 6 7 1 9 4 - 9 1 - 6 ;  12, 6 7 1 9 4 - 9 2 - 7 ;  13, 
4 1 6 5 1 - 0 6 - 3 ;  14,6 7 1 9 4 - 9 3 - 8 ;  15,6 7 19 4 - 9 4 - 9 ;  16,6 7 1 9 4 - 9 5 - 0 ;  eryth ro -17, 
6 7 1 9 4 - 9 6 - 1 ;  th re o -17, 6 7 1 9 4 - 9 7 - 2 ;  eryth ro -1 8 ,  6 7 2 0 8 - 7 6 - 8 ;  'threo-1 8 ,

6 7 1 9 4 -  9 8 - 3 ;  e r y th r o -19, 6 7 1 9 4 - 9 9 - 4 ;  th r e o -19, 6 7 1 9 4 - 6 9 - 8 ;  20,
6 7 1 9 5 -  0 0 - 0 ;  21, 6 7 1 9 5 - 0 1 - 1 ;  22, 6 7 1 9 5 - 0 2 - 2 ;  23, 6 7 1 9 5 - 0 3 - 3 ;  25, 
6 7 1 9 5 - 0 4 - 4 ;  26, 5 0 5 7 - 9 5 - 4 ;  27a, 6 3 6 4 0 - 4 9 - 3 ;  28, 6 7 1 9 5 - 0 5 - 5 ;  29, 
6 7 1 9 5 - 0 6 - 6 ;  30,6 7 2 2 6 - 4 1 - 9 ;  31, 6 7 1 9 5 - 0 7 - 7 ;  32, 6 7 1 9 5 - 0 8 - 8 ;  33 i s o m e r  

1 ,  6 7 19 5 - 0 9 - 9 ;  33 i s o m e r  2 ,  6 7 2 5 2 - 8 6 - 2 ;  34,6 7 1 9 5 - 1 0 - 2 ;  36, 5 6 6 9 8 - 0 0 - 1 ;  

37, 6 7 1 9 5 - 1 1 - 3 ;  38, 6 7 1 9 5 - 1 2 - 4 ;  39,6 7 1 9 5 - 1 3 - 5 ;  40 o r  42,6 7 1 9 5 - 1 4 - 6 ;  

41 o r  43, 6 7 1 9 5 - 1 5 - 7 ;  d i e t h y l  m a l o n a t e ,  1 0 5 - 5 3 - 3 ;  p - t o l u e n e s u l f o n y l  

c h lo r i d e ,  9 8 - 5 9 - 9 ;  1 , 2 - e t h a n e d i t h i o l ,  5 4 0 - 6 3 - 6 ;  d i m e t h y l p h o s p h o -  
n o a c e t o n e ,  4 2 0 2 - 1 4 - 6 .
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T h e  s y n t h e s i s  o f  ( ± ) - 1 2 - h y d r o x y p r o s t a g l a n d i n  F 2„  m e t h y l  e s t e r  ( 5 )  a n d  ( ± ) - 1 5 - e p i - 1 2 - h y d r o x y p r o s t a g l a n d i n  F 2o 

m e t h y l  e s t e r  ( 3 5 )  a l o n g  w i t h  t h e  c o r r e s p o n d i n g  1 1 , 1 2 - O - i s o p r o p y l i d e n e  d e r i v a t i v e s  3 3  a n d  3 4  i s  d e t a i l e d  s t a r t i n g  

f r o m  t h e  k n o w n  b r o m o  e s t e r  6 .  P r o s t a g l a n d i n s  5 ,  3 3 ,  3 4 ,  a n d  3 5  h a v e  b e e n  e v a l u a t e d  f o r  p r e g n a n c y  i n t e r r u p t i o n  in  

t h e  h a m s t e r  a n d  s m o o t h  m u s c l e  s t i m u l a t i n g  e f f e c t s  o n  g e r b i l  c o lo n  a n d  h a m s t e r  u t e r i n e  s t r i p s .

Since the observation that prostaglandin F2„ (1) has a lu- 
teolytic action in a variety of laboratory and farm animals,1 
derivatives of natural PGF2„ possessing luteolytic activity in 
animals have been reported.2 Our efforts in this area have been 
primarily concerned with finding prostaglandin derivatives 
which possess luteolytic properties with no undesirable effects 
(e.g., nausea, vomiting, diarrhea). We have been involved in 
the synthesis and biological evaluation of C-12 substituted 
derivatives of natural PGF^, in order to investigate the effect 
on luteolytic activity. Our early work centered on the prepa
ration of (±)-12-methyl-PGF2„ (2).3 More recently we have 
described the synthesis of (±)-1 2 -fluoro-PGF2„ methyl ester
(3) 4 and (±)-12-hydroxymethyl-PGF2„ methyl ester (4) . 5 We

HO

2 X = CH3, K = H
3 X  = F , R = CH3

4 X  -  CH2OH, R = CH,3

detail below the synthesis of (±) -1 2 - hydroxy- PGF2a methyl 
ester (5) and present the preliminary biological data.

HO

The previously described bicyclo [2.2.1] heptane derivative 
6 , mp 74-75 °C, which had been employed in the synthesis of 
the C-1 2  methyl, fluoro, and hydroxymethyl derivatives,3' 6 
was subjected to a-hydroxylation.7 Treatment in tetrahy- 
drofuran of the enolate derived from ester 6  with oxygen at 
low temperature provided in 76% yield a 3:1 mixture of the two 
crystalline hydroxy esters 7 (mp 1 0 2  °C) and 8 (mp 126 °C), 
respectively, along with recovered starting material (17%). In 
contrast, the corresponding bicyclo[2 .2 .1]heptane 9 upon 
a-hydroxylation afforded a 4:1 mixture of a-hydroxy esters 
10a and 10b, respectively.8 The presence of the bulky e x o -  
2 -bromo substituent in compound 6  is undoubtedly respon
sible for the observed predominance of hydroxy ester 7 during 
a-hydroxylation of ester 6 .

The anti relationship between the 7-hydroxy group and the 
e x o -2-bromo substituent in compound 7 was based primarily

(vide infra) on two sets of experiments. The lower melting 
isomer (7) was methylated (sodium hydride, tetrahydrofuran, 
methyl iodide, room temperature, 13 h) and reduced (90% 
overall) in refluxing anhydrous ether with lithium aluminum 
hydride. The resulting bromo alcohol 11 was dehydrobromi- 
nated (80%) with l,5-diazabicyclo[5.4.0]undec-5-ene (DBU) 
in refluxing toluene providing the bicyclo[2 .2 .1 ]heptene 1 2 .

OH OH

II 12 13

Oxymercuration-demercuration9 [a, mercuric acetate (1.0 
equiv), tetrahydrofuran-water (1:1), 25 °C; b, sodium hy
droxide, sodium borohydride] gave cyclic ether 13 (83%) whose 
spectral data were in complete agreement with the assigned 
structure.

In a second series of experiments the higher melting hy
droxy ester 8  was methylated (94%) [sodium hydride, tetra
hydrofuran, methyl iodide, room temperature, 2 1  h] giving rise 
to methyl ether 14. Hydrolysis [acetic acid-water (1 :1 ), 95 °C, 
3 h] of the ketal function provided (90%) keto ester 15 [IR 
(CHCI3) 1760, 1735 cm-1; NMR (CDC13) 5 4.08 (q, 1 H, J  = 
5 Hz, 8 Hz, -CHBr), 3.81 (s, 3 H, -COOCH3), 3.40 (s, 3 H,

r\r\c\n /rrr* /1 a 1 o
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' “ Ç h
OH °  7 ^

A ,Ch
OH 7^

C K ,

v

a, TsOH, acetone, CuSO}; b, DBU, PhCĤ , refla\, 80 hr; c, 1.0M HCl, THF, 13 hr; 
d. H.,02> N’uOH, MeOH, HOH, 1 ’C, 17 hr; e, NallCÔ , KI, I9; f, Bu.}SnCl, NaBĤ , 
ElOH, hp; g, TsOH, acetone, CuSO , *>0'C

J V

A

C k
v

treatment of a solution of acetonide 23 in acetone with an
hydrous p-toluenesulfonic acid in the presence of anhydrous 
copper sulfate at 55 °C gave, as evidenced by TLC analysis, 
a single product (ca. 80%) which was not starting material. The' 
spectral data are completely consistent with the assigned 
structure 24. The smooth transformation of 23 into acetonide 
24 further supports the a  configuration of the hydroxyl group 
at C-12 (prostaglandin numbering).

It was anticipated that once alcohol 24 was in hand the 
completion of the synthesis of 12-hydroxy-PGFv,, methyl ester 
would proceed in a straightforward manner (cf. 24 — 28). It

7C k
V

C L cV
OCH3)]. Reduction of bicyclo[2 .2 .1]heptanone 15 with lithium 
tri-tert-butoxyaluminum hydride in tetrahydrofuran at 0  °C 
gave (85%) the exo alcohol 16 [IR (CHC13) 3615, 3500,1735] 
which upon treatment with p-toluenesulfonic acid in refluxing 
benzene (1  h) gave exclusively in near quantitative yield 7 - 
lactone 17 [IR (CHC13) 1790 cm-1; NMR (CDC13) <5 4.44 (t, 1 
H, J  = 3 Hz, -CHO-), 4.17 %  1 H, J  = 5 Hz, -CHBr), 3.60 (s, 
3 H, -OCH3)].

Having established the structures of the two «-hydroxy 
esters 7 (vide infra) and 8, we proceeded with conversion of 
7 into the key cyclopentanoid intermediate 24 (Scheme I) 
which possesses the necessary functionality for elaboration 
of the a  and « side chains. Reduction of ester 7 with lithium 
aluminum hydride in refluxing tetrahydrofuran provided diol 
18, mp 84.5-86.0 °C. Treatment of crystalline diol 18 with 
anhydrous p-toluenesulfonic acid in acetone containing an
hydrous copper sulfate gave rise to a 96% yield of crystalline 
acetonide 19,10 mp 103.0-103.5 °C, as evidenced by the pres
ence of a six-proton singlet (broad) located at <51.42 and an AB 
quartet (J = 9 Hz, Avab = 15.6 Hz) centered at 4.22 in the 
NMR spectrum. Dehydrobromination was carried out util
izing DBU in refluxing toluene in near quantitative yield 
giving rise to the crystalline bicyclo[2 .2 .1]heptene 2 0 , mp
33.0-34.5 °C. The NMR spectrum clearly revealed the pres
ence of a two-proton multiplet at b 6.29, indicative of the 
olefinic protons. Selective hydrolysis of the ketal function in 
compound 20 was achieved in 71% yield with 1.0 M hydro
chloric acid in tetrahydrofuran. The acetonide moiety was 
reasonably stable to the reaction conditions for short periods 
of time; however, prolonged treatment with acid resulted in 
cleavage of the acetonide as well.

Baeyer-Villiger oxidation of ketone 21 followed by iodo- 
lactonization gave in ca. 60% overall yield the crystalline iodo 
lactone 2 2 , mp 133.5-134.5 °C. The above two-step sequence 
was necessary due to the sensitive nature of the Baeyer-Vil
liger product 25 which cyclized upon standing to the bicyclic 
lactone 26. Deiodination employing the recently described 
procedure by Corey and Suggs1' furnished the bicyclic ace
tonide 23, mp 129.0-129.5 °C, in varying yields.12

Of critical importance to the success of our scheme was the 
ability at some point in the synthesis to transform 23 into the 
corresponding acetonide 24. We were gratified to find that

was assumed that standard prostaglandin methodology13 for 
elaboration of the a  and u  side chains could be utilized. Indeed 
this was a reasonable assumption based on the vast amount 
of data that has now accumulated in the literature. Our as
sumption proved to be incorrect. Oxidation of alcohol 24 with 
Collins reagent14 followed by treatment of the intermediate 
aldehyde 27 with the sodio derivative of dimethyl (2-oxo- 
heptyl)phosphonate15 gave only disappointingly low yields 
(0-10% overall) of enone 28. Use of pyridinium chlorochro- 
mate,16 N-chlorosuceinimide-dimethyl sulfide,17 dimethyl 
sulfoxide-chlorine,18 dimethyl sulfoxide-sulfur trioxide- 
pyridine, 19 dimethyl sulfoxide-acetic anhydride,20 and di
methyl sulfoxide-dicyclohexylcarbodiimide-pyridinium 
trifluoroacetate21 also gave discouraging results. Fortunately, 
utilization of a Moffatt-Pfitzner oxidation (Me2SO-DCC) 22 
in the presence of dichloroacetic acid21-23 followed by a non- 
aqueous workup gave in 82% yield aldehyde 27 which after 
purification was condensed (tetrahydrofuran, 0 °C, 1 h) with 
the standard phosphonate carbanion giving rise to the crys
talline product 28, mp 89-90 °C, in 8 8 % yield. Analysis of the 
infrared spectrum of enone 28 revealed absorptions at 1780, 
1698,1680, and 1632 cm-1. Further support for the structure 
came from the NMR spectrum which displayed an AB quartet 
centered at b 6.58 (J  =  15 Hz), highly characteristic of a 
trans-enone system possessing no 7  hydrogens.

Reduction of enone 28 gave in near quantitative yield al
cohol 29 which was directly protected as its teri-butyldimethyl

29 R = K 31̂
30_ R = Si(CH3l2-t-Bu

silyl ether.24 Intermediate 32 was prepared from lactone 30 
employing the standard sequence of reactions; 13 (a) reduction 
with diisobutylaluminum hydride, (b) Wittig reaction, and
(c) esterification. Cleavage of silyl ether 32 with tetra-n-bu- 
tylammonium fluoride gave in 76% yield a 1:1 mixture of
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Table I. Smooth Muscle Data28

registry
no.

gerbil colon 
contrac
tion“)

(in vitro)

hamster 
uterine 
contrac
tion“) 

(in vitro)

( ± ) -1 2 -hydroxy-PGF 2„ 67237-12-1 0.004 0.023
methyl ester

(±)-15-epi-12-hydroxy- 67237-13-2 0 .0 01 0.004
PGF2a methyl ester

(±)-acetonide 33 67237-14-3 0.0005 0.0005
(±)-acetonide 34 67237-15-4 0.0005 0.0005

° pgf2„ = 1.

32

HO HO

35

acetonides 33 and 34 which were separated. Cleavage of the 
acetonide unit in both 33 and 34 with methanol containing 
p -toluenesulfonic acid gave in only modest yield (±)-1 2 - 
hydroxy-PGFo„ methyl ester 5 and (±)-15-epi-12-hydroxy- 
PGF2„ methyl ester 35.25

Preliminary results obtained with acetonide 33 and the 
corresponding C-15 epimer 34 indicate that both compounds 
are ineffective in terminating pregnancy in hamsters when 
dosed (125 pg/hamster) subcutaneously on day five of preg
nancy.26 Similar results were encountered with racemic 15- 
t'pt - L2-hydroxy-PGF2„ methyl ester 35 at a dose level of 25 
pg/hamster. In sharp contrast, racemic 12-hydroxy-PGF2„ 
methyl ester 5 gave 100% inhibition of pregnancy in the 
hamster at a subcutaneous dose level of 25 pg/hamster. Ex
periments are presently underway to determine the minimum 
effective dose of (±)-5 to terminate pregnancy in hamsters. 
Our initial data indicate that the enantiomerically pure 12- 
hydroxy-PGF2„ methyl ester is at least as potent as natural 
PGF2a.26

Testing of these compounds in both the gerbil colon and 
hamster uterine strip smooth muscle assays revealed (Table 
I) that they are only very weakly effective. For example, the 
compound of interest, (±)-5, possessed only 2.3% the potency 
of natural PGF2a in the hamster uterine strip assay and 0.4% 
the potency of PGF2tt in the isolated gerbil colon assay. Of 
significant interest is the dissociation in compound 5 of 
smooth muscle stimulating activity from antifertility (luteo- 
lytic) activity.

Experimental Section
M e l t i n g  p o i n t s  w e r e  d e t e r m i n e d  o n  a  F i s h e r - J o h n s  h o t  s t a g e  

m e l t i n g  p o i n t  a p p a r a t u s .  A l l  m e l t i n g  p o i n t s  a n d  b o i l i n g  p o i n t s  a r e

u n c o r r e c t e d .  I n f r a r e d  ( I R )  s p e c t r a  w e r e  d e t e r m i n e d  o n  a  P e r k i n -  

E l m e r  2 4 7  g r a t i n g  i n f r a r e d  s p e c t r o m e t e r  a n d  n u c l e a r  m a g n e t i c  r e s 

o n a n c e  ( N M R )  s p e c t r a  w e r e  r e c o r d e d  o n  a  6 0 - M H z  ( V a r i a n  A - 6 0 A  

o r  T - 6 0 )  s p e c t r o m e t e r  o r  a t  2 5 0  M H z  a s  i n d i c a t e d .  C h e m i c a l  s h i f t s  

a r e  r e p o r t e d  in  p a r t s  p e r  m i l l io n  (6 ) r e l a t i v e  t o  M e 4S i  (5M e4Si 0 -0  p p m )  

a s  a n  i n t e r n a l  s t a n d a r d .  L o w - r e s o l u t i o n  m a s s  s p e c t r a  w e r e  r e c o r d e d  

o n  a n  L K B - 9 0 0 0  s p e c t r o m e t e r .  H ig h - r e s o lu t i o n  s p e c t r a  w e r e  r e c o r d e d  

o n  a  V a r i a n  M A T  C H - 5 D F  i n s t r u m e n t .  M i c r o a n a l y s e s  w e r e  p e r 

f o r m e d  b y  G a l b r a i t h  L a b o r a t o r i e s ,  I n c . ,  K n o x v i l l e ,  T e n n .

R e a c t i o n s  w e r e  r u n  u n d e r  a n  a t m o s p h e r e  o f  n i t r o g e n .  “ D r y ”  s o l 

v e n t s  w e r e  d r i e d  i m m e d i a t e l y  b e f o r e  u s e .  T e t r a h y d r o f u r a n  a n d  d i -  

m e t h o x y e t h a n e  w e r e  d i s t i l l e d  f r o m  l i t h i u m  a l u m i n u m  h y d r i d e ;  d i -  

m e t h y l f o r m a m i d e  ( D M F ) ,  h e x a m e t h y l p h o s p h o r a m i d e  ( H M P A ) ,  

d i m e t h y l  s u l f o x i d e  ( M e 2S O ) ,  a n d  p y r i d i n e  w e r e  d i s t i l l e d  f r o m  c a lc iu m  

h y d r i d e .  D i e t h y l  e t h e r  a n d  d i o x a n e  w e r e  d i s t i l l e d  f r o m  s o d i u m .  

M e t h y l e n e  c h lo r i d e  w a s  p a s s e d  t h r o u g h  a  c o l u m n  o f  a l u m i n a  p r i o r  

t o  u s e .
Methyl (la,4a,5a,7R*)-5-Bromo-7-hydroxyspiro[bicyclo-

[2.2.1] heptane-2,2'-[l,3]dioxolane]-7-earboxylate (7). A  s o lu t io n  

o f  b r o m o  e s t e r  6  ( 9 .5 2  g , 3 2 .7  m m o l)  in  4 0  m L  o f  d r y . t e t r a h y d r o f u r a n  

w a s  a d d e d  o v e r  3 0  m in  t o  a  c o o le d  ( —7 8  ° C )  s o l u t i o n  o f  l i t h i u m  d i -  

i s o p r o p y la m id e ,  p r e p a r e d  f r o m  5 .0 9  g  ( 5 0 .4  m m o l)  o f  d i i s o p r o p y la m i n e  

in  1 3 0  m L  o f  a n h y d r o u s  t e t r a h y d r o f u r a n  a n d  3 1 . 5  m L  ( 5 0 .4  m m o l)  

o f  n - b u t y l l i t h i u m  ( 1 . 6  M  in  h e x a n e )  a t  - 7 8  ° C .  A f t e r  a p p r o x i m a t e l y  

9 0  m in ,  o x y g e n  w a s  g e n t l y  b u b b l e d  i n t o  t h e  r e a c t i o n  m i x t u r e  a t  — 7 8  

° C .  A f t e r  a n  a d d i t i o n a l  2 0  m in  t h e  t e m p e r a t u r e  w a s  r a i s e d  t o  0  ° C  a t  

w h i c h  t i m e  o x y g e n  w a s  p a s s e d  in t o  t h e  r e a c t i o n  m i x t u r e  f o r  a n  a d d i 

t i o n a l  2  h . T h e  r e a c t i o n  w a s  q u e n c h e d  w i t h  3 5  m L  o f  a  2 0 %  a q u e o u s  

s o lu t io n  o f  s o d i u m  s u l f i t e .  T h e  r e a c t i o n  m i x t u r e  w a s  c o n c e n t r a t e d  in  

v a c u o  a n d  t r e a t e d  w i t h  s a t u r a t e d  b r i n e  s o l u t i o n .  T h e  p r o d u c t  w a s  

e x t r a c t e d  w i t h  e t h y l  a c e t a t e  (4  X  7 0  m L ) ,  a n d  t h e  c o m b i n e d  e x t r a c t s  

w e r e  d r i e d  o v e r  a n h y d r o u s  m a g n e s i u m  s u l f a t e .  E v a p o r a t i o n  o f  t h e  

s o l v e n t  u n d e r  r e d u c e d  p r e s s u r e  g a v e  1 1 . 3 7  g  o f  a  c l e a r  o i l  w h i c h  w a s  

c h r o m a t o g r a p h e d  o n  4 5 0  g  o f  s i l i c a  g e l .  E l u t i o n  w i t h  h e x a n e - e t h e r  

( 1 : 1 )  g a v e  in  o r d e r  o f  e l u t i o n  1 . 6 4  g  ( 1 7 % )  o f  s t a r t i n g  b r o m o  e s t e r  6 ,

1 . 7 1  g  ( 18 % )  o f  h y d r o x y  e s t e r  8 , m p  1 2 6  ° C ,  a n d  5 .5 2  g  (5 8 % ) o f  h y d r o x y  

e s t e r  7 ,  m p  1 0 2  ° C :  I R  ( C H C 1 3 ) 3 5 0 0 ,  3 0 5 0 ,  2 9 5 0 ,  2 8 9 5 ,  1 7 4 0 ,  1 4 5 0 ,  

1 4 4 0 , 1 3 3 0 , 1 2 6 4 , 1 1 0 6 , 1 0 5 8 ,  1 0 4 0 ,  9 5 0  c m " 1 ; N M R  ( C D C 1 3 ) 6 4 . 1 7 -

3 .8 0  ( m , 5  H ) ,  3 .8 4  ( s ,  3  H ,  - C O O C H 3 ), 2 . 8 5 - 2 . 2 5  ( m , 5  H ) ,  1 . 7 2  ( d , 1  

H ,  J  =  1 4  H z ,  3 - e n d o  p r o t o n ) .  A n  a n a l y t i c a l  s a m p l e  w a s  p r e p a r e d  b y  

r e c r y s t a l l i z a t i o n  f r o m  h e x a n e - c h l o r o f o r m .  A n a l .  C a l c d  f o r  

C n H i SB r 0 5 : C ,  4 3 . 0 1 ;  H ,  4 .9 2 .  F o u n d :  C ,  4 2 .7 2 ;  H ,  4 .7 8 .

(1 «,4 a,,5 a, 7 jR*)-5-Bromo-7-hydroxy-7-hydroxymethylbicyclo-
[2.2.1] heptane-2,2'-[l,3]dioxolane ( 1 8 ) .  T o  a  s t i r r e d  s u s p e n s i o n  o f

1 . 8 0  g  ( 4 7 .3  m m o l)  o f  l i t h i u m  a l u m i n u m  h y d r i d e  in  1 2 0  m L  o f  a n h y 

d r o u s  t e t r a h y d r o f u r a n  c o o le d  t o  0  ° C  w a s  s lo w l y  a d d e d  5 .0 6  g  ( 1 6 . 5  

m m o l)  o f  b r o m o  e s t e r  7 in  6 5  m L  o f  d r y  t e t r a h y d r o f u r a n .  U p o n  c o m 

p le t i o n  o f  t h e  a d d i t i o n ,  t h e  r e a c t i o n  w a s  h e a t e d  t o  r e f l u x .  A f t e r  2  h , 

t h e  r e a c t i o n  m i x t u r e  w a s  c o o le d  t o  0  ° C  a n d  q u e n c h e d  w i t h  9 0  m L  o f  

w e t  e t h e r ,  f o l lo w e d  b y  c a r e f u l  a d d i t io n  o f  w a t e r  ( 1 5  m L ) .  T h e  r e a c t io n  

m i x t u r e  w a s  d r i e d  ( M g S 0 4) a n d  f i l t e r e d .  T h e  p r e c i p i t a t e  w a s  w a s h e d  

e x h a u s t i v e l y  w i t h  e t h y l  a c e t a t e .  T h e  c o m b i n e d  o r g a n i c  l a y e r s  w e r e  

c o n c e n t r a t e d  in  v a c u o  u n d e r  h ig h  v a c u u m ,  y i e l d i n g  4 . 4 3  g  (9 6 % )  o f  

d i o l  1 8  a s  a  w h i t e  s o l i d ,  m p  8 2 - 8 3  ° C .  R e c r y s t a l l i z a t i o n  f r o m  e t h e r -  

p e n t a n e  g a v e  a n a l y t i c a l l y  p u r e  d i o l :  m p  8 4 . 5 - 8 6 .0  ° C ;  I R  ( C H C 1 3 ) 

3 5 2 5 ,  3 0 0 0 ,  2 8 9 5 ,  1 3 8 0 ,  1 3 3 2 ,  1 1 2 0 ,  1 1 0 0 ,  1 0 5 4 ,  1 0 2 0 ,  1 0 0 0 ,  9 4 8 , 8 9 6  

c m - 1 ; N M R  ( C D C 1 3 ) <5 4 . 4 - 3 .6  ( m , 7  H ) ,  3 . 0 - 2 . 5  ( m , 6  H ) ;  m a s s  s p e c 

t r u m  m /e  ( r e l  i n t e n s i t y )  2 6 3  (8 ) , 2 6 2  ( 1 5 ,  M +  — H 2 0 ) ,  2 6 1  (9 ) , 2 6 0  ( 1 4 ,  

M +  -  H 2 0 ) ,  2 4 9  ( 1 1 ) ,  2 4 7  ( 1 0 ) ,  1 9 9  ( 3 8 ) ,  1 8 1  ( 7 6 ) ,  1 8 0  ( 2 4 ) ,  1 6 3  ( 1 2 ) ,  

1 4 5  ( 2 0 ) ,  1 3 7  ( 1 0 0 ) ,  1 3 6  ( 4 4 ) , 9 3  ( 1 6 ) ,  9 1  ( 2 5 ) ,  8 7  ( 2 5 ) ,  8 6  ( 4 6 ) .  A n a l .  

C a l c d  f o r  C i o H i s B r 0 4: C ,  4 3 .0 2 ;  H ,  5 .4 2 .  F o u n d :  C ,  4 3 .2 0 ;  H ,  5 .2 8 .

(la,4a,5a,7f?*)-5-Bromo-2'', 2"-dimethylspiro[bicyclo[2.2.1]- 
heptane-2,2'-[l,3]dioxolane]-7,4"-[l,3]dioxolane (19). T o  a  s t i r r e d  

s o l u t i o n  o f  7 . 0 1  g  ( 2 5 . 1  m m o l)  o f  c r y s t a l l i n e  d i o l  1 8  in  2 5 0  m L  o f  a c e 

t o n e  w a s  a d d e d  8 . 1 4  g  ( 5 1 . 2  m m o l)  o f  a n h y d r o u s  c o p p e r  s u l f a t e  a n d  

a  c a t a l y t i c  a m o u n t  o f  a n h y d r o u s  p - t o l u e n e s u l f o n i c  a c i d .  A f t e r  1 2  h  

a t  r o o m  t e m p e r a t u r e ,  t h e  r e a c t io n  m i x t u r e  w a s  d r i e d  o v e r  a n h y d r o u s  

m a g n e s i u m  s u l f a t e  a n d  f i l t e r e d .  E v a p o r a t i o n  o f  t h e  s o l v e n t  in  v a c u o  

g a v e  7 . 7 3  g  (9 6 % )  o f  a c e t o n i d e  19 a s  a  s o l i d ,  m p  9 8 - 9 9  ° C .  R e c r y s t a l 

l i z a t i o n  o f  19 f r o m  e t h e r - p e n t a n e  g a v e  a n a l y t i c a l l y  p u r e  a c e t o n i d e :  

m p  1 0 3 . 0 - 1 0 3 . 5  ° C ;  I R  ( C H C 1 3 ) 2 9 9 6 , 2 9 5 0 ,  2 8 8 0 , 1 3 8 4 ,  1 3 7 2 ,  1 3 3 6 ,  

1 2 4 4 ,  1 1 6 0 ,  1 1 1 5 ,  1 0 9 0 ,  1 0 7 0 ,  1 0 6 0 ,  8 6 2  c m “ 1 ; N M R  ( C D C 1 3 ) 6 4 . 2 2  

( A B q ,  2  H ,  J  =  9  H z ,  A c  =  1 5 . 6  H z , - C H 2 O C ( M e ) 2- ) ,  4 . 1 - 3 . 6  ( m , 5  H ) ,

2 . 9 - 1 . 7  ( m , 6  H ) ,  1 . 4 2  ( s , 6  H ) ;  m a s s  s p e c t r u m  m /e  ( r e l  i n t e n s i t y )  3 0 5  

( 2 2 ,  M +  -  C H 3), 3 0 3  ( 2 2 , M +  -  C H 3), 2 6 1  ( 2 3 ) ,  2 3 9  ( 4 3 ) ,  2 3 8  ( 1 6 ) ,  1 8 2  

( 1 0 0 ) ,  1 2 5  ( 3 5 ) .  A n a l .  C a l c d  f o r  C 1 3 H 19 B r 0 4: C ,  4 8 .9 2 ; H ,  6 .0 0 . F o u n d :  

C ,  4 9 .0 4 ;  H ,  6 . 1 2 .

(la,4a,7 S*)-2",2"-Dimethylspiro[bicyclo[2.2.1]hept-5-ene- 
2,2'-[l,3]-dioxolane]-7,4''-[l,3]dioxolane ( 2 0 ) .  A  s o l u t i o n  o f  8 . 7 1  

g  ( 2 7 . 3  m m o l)  o f  a c e t o n i d e  19 a n d  8 1 . 0  g  ( 5 3 3  m m o l)  o f  1 , 5 - d i a z a b i -  

c y c lo [ 5 .4 .0 ] u n d e c - 5 - e n e  in  3 0 0  m L  o f  t o lu e n e  w a s  h e a t e d  a t  r e f l u x  f o r
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8 0  h . T h e  r e a c t io n  m i x t u r e  w a s  c o n c e n t r a t e d  u n d e r  r e d u c e d  p r e s s u r e  

a n d  t h e  r e s u l t i n g  c r u d e  p r o d u c t  w a s  d i s s o l v e d  in  e t h y l  a c e t a t e .  T h e  

o r g a n i c  l a y e r  w a s  w a s h e d  r e p e a t e d l y  w i t h  c o ld  1 %  h y d r o c h l o r i c  a c i d  

u n t i l  t h e  a q u e o u s  l a y e r  w a s  c le a r .  T h e  c o m b in e d  a q u e o u s  l a y e r s  w e r e  

e x t r a c t e d  w i t h  e t h y l  a c e t a t e .  T h e  c o m b i n e d  o r g a n i c  l a y e r s  w e r e  

w a s h e d  w i t h  s a t u r a t e d  s o d i u m  b i c a r b o n a t e  s o lu t io n ,  d r i e d  ( M g S 0 4), 

a n d  c o n c e n t r a t e d  u n d e r  h i g h - v a c u u m  p u m p ,  y i e l d i n g  5 .5 4  g  (9 8 % ) o f  

o l e f i n  20 a s  a  l i g h t - y e l lo w  s o l i d .  A n  a n a l y t i c a l  s a m p l e  o f  20, m p

3 3 . 0 - 3 3 . 5  ° C ,  w a s  p r e p a r e d  b y  c o lu m n  c h r o m a t o g r a p h y  o n  s i l i c a  g e l  

u s i n g  h e x a n e - e t h e r  ( 1 : 1 ) : I R  (CHCI3 ) 3 0 7 5 ,  3 0 0 0 ,  2 9 5 5 ,  2 8 8 5 ,  1 4 7 5 ,  

1 4 5 5 , 1 4 3 0 , 1 3 8 0 , 1 3 7 0 , 1 3 3 0 , 1 3 1 0 , 1 1 6 5 , 1 1 5 0 , 1 1 0 5 , 1 0 7 5 , 1 0 6 0 , 1 0 4 0 ,  

1 0 0 9 ,9 6 6 ,  9 4 8 ,9 0 5 ,  8 7 8 ,  8 6 0 , 8 3 5  c m “ 1 ; N M R  (CDCI3 ) b 6 .2 9  ( m , 2  H , 

-CH=CH-), 4 . 1 0 - 3 . 8 0  ( m , 6  H ) ,  2 . 8 2 - 2 . 5 5  ( m , 2  H ) ,  2 . 3 2  ( d d ,  1  H ,  J  
=  1 2  H z ,  4  H ,  3 - e x o  p r o t o n ) ,  1 . 6 2  ( d , 1  H ,  J  =  1 2  H z ,  3 - e n d o  p r o t o n ) ,

1 . 4 5  ( s , 6  H ) ;  m a s s  s p e c t r u m  m / e  ( r e l  i n t e n s i t y )  2 3 8  ( 3 ,  M + ) , 2 2 3  (4 , 

M +  -  CH3), 1 8 0  (9 ) , 1 6 2  ( 1 0 ) ,  9 1  ( 1 0 ) ,  8 6  ( 1 0 0 ) ,  7 9  ( 1 1 ) ,  6 6  ( 1 9 ) ,  4 4  ( 2 7 ) ,  

4 3  ( 2 0 ) .  A n a l .  C a l c d  f o r  C1 3 H1 8 04: C ,  6 5 . 5 3 ;  H ,  7 . 6 1 .  F o u n d :  C ,  6 5 .3 7 ;  

H , 7 .6 5 .

(la,4a,7S*)-2',2'-Dimethylspiro[bicyclo[2.2.1]hept-5-ene- 
7,4'-[l,3]dioxolan]-2-one (21). A  s o l u t i o n  o f  3 .4 9  g  ( 1 4 . 7  m m o l)  o f  

k e t a l  20 in  2 5 0  m L  o f  t e t r a h y d r o f u r a n  w a s  c o o le d  t o  0  ° C  a n d  t r e a t e d  

w i t h  4 0  m L  o f  1  M  h y d r o c h l o r i c  a c id .  T h e  r e a c t i o n  w a s  w a r m e d  t o  

r o o m  t e m p e r a t u r e  a n d  s t i r r i n g  w a s  c o n t i n u e d  f o r  1 3  h . T h e  r e a c t i o n  

m i x t u r e  w a s  n e u t r a l i z e d  w i t h  2  N  s o d i u m  h y d r o x i d e  s o lu t io n  a n d  t h e  

p r o d u c t  w a s  e x t r a c t e d  w it h  e t h y l  a c e t a t e .  T h e  c o m b in e d  o r g a n ic  l a y e r s  

w e r e  d r i e d  ( M g S 0 4), c o n c e n t r a t e d ,  a n d  e v a p o r a t e d  in  v a c u o  le a v i n g

2 . 7 2  g  o f  a  y e l lo w  o i l  w h i c h  w a s  p u r i f i e d  o n  2 6 0  g  o f  s i l i c a  g e l .  E l u t i o n  

w i t h  h e x a n e - e t h e r  ( 3 :2 )  g a v e  2 .0 2  ( 7 1 % )  o f  p u r e  c r y s t a l l i n e  k e t o n e :  

m p  5 2 . 5 - 5 3 . 0  ° C ;  I R  ( C H C 1 3 ) 2 9 9 0 , 2 9 4 0 , 2 8 7 5 , 1 7 4 2 , 1 3 9 1 , 1 3 7 4 , 1 2 5 2 ,  

1 2 2 5 , 1 2 0 1 , 1 0 9 8 , 1 0 7 5 , 1 0 6 0 , 1 0 4 1 ,  8 6 2  c m “ 1 ; N M R  ( C D C 1 3) b 6 . 5 1  (m ,

1  H ,  C  O H ) ,  6 .0 6  ( m , 1  H ,  - C = C H ) ,  4 . 1 5  ( s , 2  H ,  O C H 2  ) , 3 .0 0  (m ,

2  H ) ,  2 .4 5  ( d d ,  1  H ,  J  =  1 6  H z ,  4  H z ,  3 - e x o  p r o t o n ) ,  2 .0 0  ( d ,  1  H ,  J  =  

1 6  H z , 3 - e n d o  p r o t o n ) ,  1 . 2 8  ( s , 6  H ) ;  m a s s  s p e c t r u m  m /e  ( r e l  in t e n s it y )  

1 9 4  ( 1 ,  M + ) ,  1 7 9  ( 2 4 , M +  -  C H 3), 1 3 7  ( 3 4 ) ,  1 3 6  ( 1 0 0 ) ,  1 0 8  ( 6 7 ) ,  9 5  ( 3 1 ) ,  

9 4  ( 8 6 ) , 9 2  ( 2 0 ) ,  9 1  ( 2 6 ) ,  6 6  ( 2 7 ) ,  5 9  ( 1 2 ) .  A n  a n a l y t i c a l  s a m p l e  w a s  

p r e p a r e d  b y  r e c r y s t a l l i z a t i o n  f r o m  c o ld  h e x a n e .  A n a l .  C a l c d  f o r  

C n H i 40 3 : C ,  6 8 .0 6 ;  H ,  7 .2 7 .  F o u n d :  C ,  6 7 .9 6 ;  H ,  7 . 4 1 .

(3ad)4a,5a,6|3,6ad)-Tetrahydro-5-hydroxy-6-iodo-2',2'-di- 
methylspiro[4Ff-cyclopenta[ b]furan-4,4'-[ l,3]-dioxolan]- 
2(3Ff)-one (22). T o  a  s o l u t i o n  o f  1 . 0 2  g  ( 5 .2 7  m m o l)  o f  k e t o n e  21 in

2 2 . 5  m L  o f  m e t h a n o l  a n d  1 . 4  m L  o f  w a t e r  c o o le d  in  a n  i c e - w a t e r  b a t h  

w a s  a d d e d  1 6 . 7  m L  ( 4 1 . 8  m m o l)  o f  1 0 %  a q u e o u s  s o d i u m  h y d r o x i d e  

s o l u t i o n ,  f o l l o w e d  b y  t h e  s lo w  d r o p w i s e  a d d i t i o n  o f  5 .0 3  m L  ( 7 4 .0  

m m o l)  o f  5 0 %  a q u e o u s  h y d r o g e n  p e r o x i d e .  A f t e r  s t i r r i n g  a t  c a .  5  ° C  

f o r  1 7  h  t h e  r e a c t i o n  w a s  q u e n c h e d  b y  t h e  a d d i t i o n  o f  s o d i u m  t h i o 

s u l f a t e .  T h e  r e a c t io n  m ix t u r e  w a s  c o n c e n t r a t e d  in  v a c u o  a n d  a c id i f ie d  

t o  p H  5 .5  w i t h  2  M  h y d r o c h lo r ic  a c id .  T h e  a q u e o u s  l a y e r  w a s  e x t r a c t e d  

e x h a u s t i v e l y  w i t h  e t h y l  a c e t a t e .  T h e  c o m b i n e d  o r g a n i c  l a y e r s  w e r e  

d r i e d  o v e r  a n h y d r o u s  m a g n e s i u m  s u l f a t e  a n d  e v a p o r a t e d  u n d e r  r e 

d u c e d  p r e s s u r e  l e a v i n g  1 . 1 7  g  ( 9 7 % )  o f  c r u d e  h y d r o x y  a c i d  25 w h ic h  

w a s  n o t  p u r i f i e d  f u r t h e r ,  b u t  u s e d  d i r e c t l y  in  t h e  n e x t  r e a c t i o n .

T o  a  s o l u t i o n  o f  1 . 3 0  g  ( 1 5 . 5  m m o l)  o f  s o d i u m  b i c a r b o n a t e  in  1 8 . 5  

m L  o f  w a t e r  c o o le d  in  a n  i c e - w a t e r  b a t h  w a s  a d d e d  1 . 1 7  g  ( 5 . 1 1  m m o l)  

o f  h y d r o x y  a c i d  25 ( f r o m  a b o v e ) ,  a n d  a  s o lu t io n  o f  5 .0 7  g  ( 3 0 .6  m m o l)  

o f  p o t a s s iu m  io d id e  a n d  2 .5 8  g  ( 1 0 . 2  m m o l)  o f  io d in e  in  1 3  m L  o f  w a t e r .  

T h e  r e a c t io n  w a s  q u e n c h e d  a f t e r  4 8  h  a t  5  ° C  w i t h  s o d i u m  t h io s u l f a t e .  

T h e  a q u e o u s  l a y e r  w a s  s a t u r a t e d  w i t h  s o d i u m  c h lo r i d e  a n d  w a s  e x 

t r a c t e d  w i t h  e t h y l  a c e t a t e  ( 6  X  4 0  m L ) .  T h e  c o m b in e d  o r g a n ic  l a y e r s  

w e r e  d r i e d  ( M g S 0 4) a n d  c o n c e n t r a t e d  in  v a c u o  y i e l d i n g  1 . 5 6  g  o f  a  

w h it e  s o l id . T h e  io d o la c t o n e  w a s  p u r i f i e d  o n  2 0 0  g  o f  s i l i c a  g e l.  E l u t i o n  

w i t h  h e x a n e - e t h y l  a c e t a t e  ( 2 :3 )  g a v e  1 . 1 9  g  (6 6 % ) ( 6 0 %  o v e r a l l  f r o m  

k e t o n e  21) o f  p u r e  io d o l a c t o n e  a s  a  c r y s t a l l i n e  s u b s t a n c e .  R e c r y s t a l 

l iz a t i o n  f r o m  e t h e r  g a v e  a n a l y t i c a l l y  p u r e  i o d o l a c t o n e  2 2 : m p

1 3 3 . 5 - 1 3 4 . 5  ° C ;  I R  ( C H C 1 3 ) 3 5 6 0 , 3 0 0 0 , 2 9 5 0 , 2 8 8 0 , 1 7 9 0 , 1 3 9 0 , 1 3 7 9 ,  

1 1 6 3 , 1 1 4 0 , 1 1 1 6 , 1 0 6 6 , 1 0 6 0 , 1 0 3 0 , 1 0 0 0 , 9 8 2 , 9 1 0 , 8 9 5 , 8 7 1 , 8 5 5  c m “ 1 ; 

N M R  ( C D C 1 3 ) b 5 . 1  ( m , 1  H ) ,  4 . 3 - 3 . 9  ( m , 4  H ) ,  3 . 2 - 2 . 4  ( m , 4  H ) ,  1 . 4 5  

( s ,  6  H ) ;  m a s s  s p e c t r u m  m /e  ( r e l  i n t e n s i t y )  3 2 7  ( 1 6 ,  M +  — O H ) ,  2 2 7  

( 1 3 ,  M +  -  I ) ,  1 5 4  ( 1 0 0 ) ,  1 2 7  ( 5 2 ) ,  9 7  ( 5 5 ) ,  8 4  ( 1 1 ) ,  6 8  ( 4 0 ) ,  5 9  ( 4 5 ) ,  5 7

( 2 3 ) ,  5 5  ( 1 9 ) ,  4 4  ( 9 8 ) . A n a l .  C a l c d  f o r  C h H 1 6 I O b : C ,  3 7 . 3 1 ;  H ,  4 . 2 7 .  

F o u n d :  C ,  3 7 . 5 1 ;  H ,  4 . 3 1 .
(3aa,4j3,5j3,6aa)-Tetrahydro-5-hydroxy-2'2'-dimethylspi- 

ro[4£T-cyclopenta[ h]furan-4,4'-[l,3]dioxolan]-2[3if]-one (23).
A  s o lu t io n  o f  1 . 2 1  g  ( 3 .4 2  m m o l)  o f  io d o la c t o n e  2 2  in  4 0  m L  o f  a b s o lu t e  

e t h a n o l  c o o le d  t o  0  ° C  w a s  t r e a t e d  w i t h  0 .3 2  m L  ( 1 . 1 8  m m o l)  o f  t r i -  

r e - b u t y l t in  c h lo r i d e  a n d  0 . 1 7  g  ( 4 .5 0  m m o l)  o f  s o d i u m  b o r o h y d r i d e .  

T h e  s o l u t i o n  w a s  i r r a d i a t e d  w i t h  a  s u n l a m p  f o r  1 5  m in .  A f t e r  a n  a d 

d i t i o n a l  2 0  m in  t h e  r e a c t i o n  w a s  q u e n c h e d  w i t h  o x a l i c  a c i d  a n d  t h e  

p r o d u c t  w a s  e x t r a c t e d  w i t h  e t h y l  a c e t a t e .  T h e  o r g a n i c  l a y e r  w a s  

w a s h e d  w i t h  d i lu t e  h y d r o c h l o r i c  a c i d ,  s a t u r a t e d  s o d i u m  c h lo r i d e  s o 

lu t io n ,  a n d  d r i e d  o v e r  a n h y d r o u s  m a g n e s i u m  s u l f a t e .  R e m o v a l  o f  t h e  

s o lv e n t  u n d e r  r e d u c e d  p r e s s u r e  g a v e  1 . 0 8  g  o f  a n  o i l  w h ic h  w a s  p u r i f i e d

b y  c o l u m n  c h r o m a t o g r a p h y  u s i n g  4 0  g  o f  s i l i c a  g e l .  E l u t i o n  w i t h  

h e x a n e - e t h y l  a c e t a t e  ( 1 : 2 )  y ie ld e d  3 6 8  m g  (4 7 % )  o f  c r y s t a l l in e  h y d r o x y  

l a c t o n e  2 3 :  m p  1 2 9 . 0 - 1 2 9 . 5  ° C ;  I R  ( C H C 1 3) 3 5 8 0 ,  3 0 3 0 ,  2 9 9 8 ,  2 9 4 8 , 

2 8 8 0 , 1 7 7 2 , 1 3 9 0 , 1 3 8 0 , 1 3 0 6 , 1 2 5 5 , 1 2 3 0 , 1 1 8 4 , 1 1 5 5 , 1 1 1 8 , 1 0 9 0 , 1 0 6 5 ,  

1 0 3 0 ,  9 8 2 ,  8 6 4  c m “ 1 ; N M R  ( C D C 1 3) 6 4 . 9 5  ( m , 1  H ,  - C t f O C O ) ,

4 . 0 1 - 3 . 7 0  ( m , 3  H ,  - C H 2 0 ,  - C H O H ) ,  2 .8 7 - 2 . 6 5  ( m , 3  H ) ,  2 . 3 0 - 2 . 0 1  (m , 

3  H ) ,  1 . 4 5  ( s , 6  H ) ;  m a s s  s p e c t r u m  m / e  ( r e l  i n t e n s i t y )  2 1 3  ( 1 0 0 ,  M +  — 

M e ) ,  1 7 2  ( 1 1 ) ,  1 5 3  ( 1 5 ) ,  1 4 2  ( 1 2 ) ,  9 8  ( 1 7 ) ,  5 9  ( 1 0 ) .  A n a l .  C a l c d  f o r  

C n H 1 6 0 6: C ,  5 7 . 8 9 ;  H ,  7 .0 7 .  F o u n d :  C ,  5 7 . 9 0 ;  H ,  7 . 1 8 .

(3aa,4aa,7aa,7ba)-Hexahydro-7b-(hydroxymethyl)-2,2'-di- 
methyl-6if-furo[3',2':3,4]cyclopenta[l,2-d]-l,3-dioxol-6-one (24). 
T o  a  s t i r r e d  s o l u t i o n  o f  6 8 2  m g  ( 2 .9 9  m m o l)  o f  s p i r o a c e t o n i d e  23 in  

4 0  m L  o f  a c e t o n e  w a s  a d d e d  6 9 0  m g  ( 4 .3 3  m m o l)  o f  a n h y d r o u s  c o p p e r  

s u l f a t e  a n d  f o u r  c r y s t a l s  o f  p - t o l u e n e s u l f o n i c  a c id .  A f t e r  a  t o t a l  o f  1 3  

h  a t  6 0  ° C ,  t h e  r e a c t i o n  m i x t u r e  w a s  d i l u t e d  w i t h  e t h y l  a c e t a t e  a n d  

f i l t e r e d .  R e m o v a l  o f  t h e  s o l v e n t  a f f o r d e d  7 9 1  m g  o f  a  l i g h t - b r o w n  o il. 

T h e  p r o d u c t  w a s  p u r i f i e d  o n  4 0  g  o f  s i l i c a  g e l .  E l u t i o n  w i t h  h e x a n e -  

e t h y l  a c e t a t e  ( 1 : 5 )  p r o v i d e d  5 2 5  m g  ( 7 7 % )  o f  p u r e  a lc o h o l  24 a s  a  c l e a r  

o i l :  I R  ( C H C 1 3) 3 6 0 0 ,  3 5 0 0 ,  3 0 3 0 ,  3 0 1 0 ,  2 9 9 0 ,  2 9 4 0 ,  2 8 7 5 , 1 7 7 0 , 1 4 6 0 ,  

1 4 2 1 , 1 4 1 5 , 1 3 9 0 , 1 3 8 0 , 1 3 7 0 , 1 3 5 5 , 1 3 3 4 , 1 3 0 1 , 1 2 4 0 , 1 1 9 8 , 1 1 7 0 , 1 1 4 8 ,  

1 1 2 0 , 1 0 9 0 , 1 0 4 0 , 1 0 2 0 , 9 9 6 , 9 7 0 , 9 6 0 , 9 0 0  c m " 1 ; N M R  ( C D C 1 3 ) b 5 .0 2  

( t ,  1  H ,  J  =  5  H z , - C H O C O ) ,  4 .6 7  ( d ,  1  H ,  J  =  5  H z ,  -C H O -C ) ,  3 .6 6  

( s ,  2  H ,  - C H 2 O H ) ,  3 . 1 0  (s  b r o a d ,  1  H ,  O H ) ,  3 . 0 0 - 2 . 0 0  ( m , 5  H ) ,  1 . 4 5  

( s , 3  H ) ,  1 . 4 0  ( s . 3  H ) ;  m a s s  s p e c t r u m  m / e  ( r e l  i n t e n s i t y )  2 1 3  ( 1 0 0 ,  M +  

-  M e ) ,  1 9 7  (6 ) , 1 7 1  ( 5 ) ,  1 3 5  ( 4 ) ,  1 0 7  ( 3 ) ,  5 9  ( 3 ) ,  5 8  ( 1 0 ) ,  4 3  ( 1 0 ) .  A n a l .  

C a l c d  f o r  C n H i g O s :  C ,  5 7 . 8 9 ;  H ,  7 .0 7 .  F o u n d :  C ,  5 7 . 8 1 ;  H ,  7 .2 0 .

[3aa,4aa,7aa,7ba(E)]-Hexahydro-2,2-dimethyl-7b-(3-oxo- 
l-octenyl)-6JT-furo[3',2':3,4]cyclopenta(l,2-</]-l,3-dioxol-6-one
(28). T o  a  s o lu t io n  o f  3 2 8  m g  ( 1 . 4 4  m m o l)  o f  a lc o h o l  24 in  1 2  m L  o f  d r y  

d i m e t h y l  s u l f o x i d e  w a s  a d d e d  9 7 8  m g  ( 4 .7 5  m m o l)  o f  N ,N '-d i c y c l o -  

h e x y l c a r b o d i i m i d e  a n d  7 5  j i L  ( 0 .9 1  m m o l)  o f  d i c h l o r o a c e t i c  a c id .  T h e  

r e a c t i o n  w a s  s t i r r e d  a t  r o o m  t e m p e r a t u r e  f o r  2 0  h . T h e  r e a c t i o n  w a s  

d i lu t e d  w i t h  m e t h y le n e  c h lo r i d e  a n d  t h e  p r e c i p i t a t e d  u r e a  w a s  r e 

m o v e d  b y  f i l t r a t i o n .  T h e  f i l t r a t e  w a s  c o n c e n t r a t e d  in  v a c u o  a n d  t h e  

r e s i d u e  w a s  o n c e  a g a i n  w a s h e d  w i t h  m e t h y le n e  c h lo r i d e  a n d  f i l t e r e d .  

T h i s  p r o c e d u r e  w a s  r e p e a t e d  s e v e r a l  t i m e s .  T h e  p r o d u c t  w a s  p u r i f i e d  

b y  c o lu m n  c h r o m a t o g r a p h y  o n  5 0  g  o f  s i l i c a  g e l .  E l u t i o n  w i t h  e t h e r -  

e t h y l  a c e t a t e  ( 1 0 : 1 )  g a v e  2 6 8  m g  (8 2 % )  o f  p u r e  a l d e h y d e  27 w h ic h  w a s  

u s e d  d i r e c t l y  in  t h e  n e x t  r e a c t i o n .

T o  a  s t i r r e d  s u s p e n s i o n  o f  6 2  m g  ( 1 . 2 9  m m o l)  o f  5 0 %  s o d i u m  h y d r id e  

d i s p e r s i o n  in  1 5  m L  o f  a n h y d r o u s  t e t r a h y d r o f u r a n  c o o le d  t o  0  ° C  

u n d e r  n i t r o g e n  w a s  a d d e d  d r o p w is e  a  s o lu t io n  o f  3 5 0  m g  ( 1 . 5 8  m m o l)  

o f  d i m e t h y l  ( 2 - o x o h e p t y lp h o s p h o n a t e  in  5  m L  o f  d r y  t e t r a h y d r o f u r a n .  

U p o n  c o m p l e t i o n  o f  t h e  a d d i t i o n ,  t h e  r e a c t i o n  w a s  w a r m e d  t o  2 5  ° C  

( 1  h ) .  T h e  p h o s p h o n a t e  a n i o n  w a s  c o o le d  t o  0  ° C  a n d  t r e a t e d  w i t h  a  

s o l u t i o n  o f  2 5 4  m g  ( 1 . 1 2  m m o l)  o f  a l d e h y d e  27 in  2  m L  o f  d r y  t e t r a 

h y d r o f u r a n .  T h e  r e a c t i o n  w a s  q u e n c h e d  a t  0  ° C  a f t e r  1  h  w i t h  s a t u 

r a t e d  a q u e o u s  a m m o n i u m  c h lo r i d e  s o l u t i o n .  T h e  p r o d u c t  w a s  e x 

t r a c t e d  w i t h  e t h y l  a c e t a t e .  T h e  c o m b in e d  o r g a n ic  e x t r a c t s  w e r e  d r ie d  

o v e r  a n h y d r o u s  m a g n e s i u m  s u l f a t e ,  f i l t e r e d ,  a n d  c o n c e n t r a t e d  in  

v a c u o .  T h e  c r u d e  p r o d u c t  ( 4 7 4  m g )  w a s  p u r i f i e d  o n  5 0  g  o f  s i l i c a  g e l.  

E l u t i o n  w i t h  e t h e r - e t h y l  a c e t a t e  ( 1 0 : 1 )  g a v e  3 1 8  m g  (8 8 % ) o f  p u r e  

c r y s t a l l i n e  e n o n e  28: m p  8 9 - 9 0  ° C :  I R  ( C H C 1 3) 1 7 8 0 , 1 6 9 8 , 1 6 8 0 , 1 6 3 2  

c m - 1 ; N M R  ( C D C 1 3) b 6 .5 8  ( A B q ,  2  H ,  J  =  1 5  H z ,  A cA b  =  2 3 .6  H z , 

- C H = C H ) ,  4 .9 5  ( t ,  1  H ,  J =  5  H z ,  - C H O C O ) ,  4 .6 0  ( d , 1  H ,  J  =  5  H z , 

- C / i O C ( C H 3 M ,  1 . 4 7  ( s ,  3  H ) ,  1 . 2 9  ( s ,  3  H ) ,  0 .8 8  ( t ,  3  H ) ;  m a s s  s p e c 

t r u m  m /e  ( r e l  in t e n s i t y )  3 0 7  (6 0 . M +  -  M e ) ,  2 6 5  ( 2 9 ) , 2 0 5  (9 ) , 1 9 3  ( 2 5 ) ,  

1 6 7  ( 1 5 ) ,  1 6 5  ( 1 1 ) ,  1 6 4  ( 1 2 ) ,  1 2 1  ( 1 0 ) ,  1 0 7  ( 1 5 ) ,  9 9  ( 9 7 ) ,  9 5  ( 1 0 ) ,  9 1  ( 1 1 ) ,  

8 1  ( 1 5 ) ,  7 9  ( 1 2 ) ,  7 1  ( 2 9 ) ,  6 9  ( 1 5 ) ,  6 0  ( 1 7 ) ,  5 6  ( 1 5 ) ,  5 5  ( 4 5 ) ,  4 4  ( 3 5 ) ,  4 3  

( 1 0 0 ) .  A  s a m p le  w a s  p r e p a r e d  b y  r e c r y s t a l l iz a t io n  f r o m  h e x a n e - e t h e r ,  

m p  9 0 - 9 1  ° C .  A n a l .  C a l c d  f o r  C 18 H 26O 5 : C ,  6 7 . 1 0 ;  H ,  8 .0 8 . F o u n d :  C ,  

6 7 .3 6 ;  H ,  8 .2 2 .
[3aa,4aa,7aa,7ba(E)]-Hexahydro-2,2-dimethyl-7b-[3(RS)- 

iert-butyldimethylsilyloxy-l-octenyl]-644-furo[3\2':3,4]cy- 
clopenta[l,2-d]-l,3-dioxol-6-one (30). S o d i u m  b o r o h y d r i d e  ( 1 3 9  

m g ,  3 . 7  m m o l)  w a s  a d d e d  t o  a  s o l u t i o n  o f  5 9 0  m g  ( 1 . 8  m m o l)  o f  

t r a n s - e n o n e  28 in  1 5  m L  o f  9 5 %  e t h a n o l  c o o le d  t o  — 1 0  ° C .  T h e  r e a c t io n  

w a s  q u e n c h e d  a t  — 1 0  ° C  a f t e r  1  h  w i t h  6 0 %  a q u e o u s  a c e t i c  a c i d  a n d  

n e u t r a l i z e d  w i t h  s o l i d  s o d i u m  b i c a r b o n a t e .  T h e  s o l v e n t  w a s  c o n c e n 

t r a t e d  u n d e r  r e d u c e d  p r e s s u r e  a n d  t h e  r e s i d u e  w a s  t a k e n  u p  in  w a t e r  

( 5  m L ) .  T h e  p r o d u c t  w a s  i s o l a t e d  b y  e x t r a c t i o n  w i t h  e t h e r  ( 3  X  1 0 0  

m L ) .  T h e  c o m b i n e d  e t h e r e a l  e x t r a c t s  w e r e  d r i e d  o v e r  a n h y d r o u s  

m a g n e s iu m  s u l f a t e  a n d  t h e  s o l v e n t  w a s  r e m o v e d  in  v a c u o .  T h e  c r u d e  

p r o d u c t  w a s  s u b j e c t e d  t o  c o lu m n  c h r o m a t o g r a p h y  o n  3 0  g  o f  s i l i c a  g e l  

p r i o r  t o  s i l y l a t i o n .  E l u t i o n  w i t h  e t h e r - e t h y l  a c e t a t e  ( 1 0 : 1 )  g a v e  5 9 2  

m g  (9 6 % ) o f  a lc o h o l  29 a s  a  c o lo r le s s  o i l  w h ic h  w a s  a  m ix t u r e  o f  e p im e r s  

a t  C - 1 5 .  A l c o h o l  29 w a s  u s e d  d i r e c t l y  in  t h e  n e x t  r e a c t i o n .

A  s o lu t io n  o f  t h e  a b o v e  a lc o h o l  ( 5 9 2  m g , 1 . 8  m m o l)  in  4 .8  m L  o f  d r y  

d i m e t h y l  f o r m a m i d e  w a s  t r e a t e d  a t  r o o m  t e m p e r a t u r e  w i t h  5 5 4  m g  

( 3 .6  m m o l)  o f  r e r i - b u t y l d i m e t h y l s i l y l  c h lo r id e  a n d  2 4 5  m g  ( 3 .6  m m o l)  

o f  im i d a z o le .  A f t e r  2  h  t h e  r e a c t io n  m i x t u r e  w a s  d i lu t e d  w i t h  b e n z e n e
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a n d  w a s h e d  w i t h  s a t u r a t e d  s o d i u m  b i c a r b o n a t e  s o lu t io n .  T h e  o r g a n ic  

l a y e r  w a s  d r i e d  o v e r  a n h y d r o u s  m a g n e s i u m  s u l f a t e  a n d  t h e  s o l v e n t  

w a s  e v a p o r a t e d  in  v a c u o .  T h e  c r u d e  p r o d u c t  w a s  p u r i f i e d  o n  4 0  g  o f  

n e u t r a l  s i l i c a  g e l  ( S i l i c A R  C C - 7 ) .  E l u t i o n  w i t h  h e x a n e - e t h e r  ( 1 : 1 )  g a v e  

6 8 0  m g  (8 6 % ) o f  p u r e  s i l y l  e t h e r  30 a s  a  c o lo r le s s  s o l id :  I R  ( C C l t )  2 9 6 0 , 

2 9 4 0 , 2 9 0 0 , 2 8 5 5 , 1 7 9 5 , 1 6 9 5 , 1 4 7 2 , 1 4 6 0 , 1 4 1 5 , 1 3 8 5 , 1 3 7 5 , 1 3 6 2 , 1 3 5 0 ,  

1 3 4 0 , 1 3 2 8 , 1 2 9 5 , 1 2 6 0 , 1 2 1 5 , 1 1 9 2 , 1 1 5 5 , 1 0 9 0 , 1 0 6 0 , 1 0 4 4 , 1 0 0 9 , 9 9 0 ,  

9 7 4 ,  9 5 4 ,  9 4 0 , 8 9 5 ,  8 7 6 ,  8 3 8  c m “ 1 ; N M R  ( C C 1 4) 8 5 . 7 2  ( m , 2  H ) ,  4 .8 0  

( t ,  b r o a d ,  1 H ,  J  =  5  H z ) ,  4 .4 4  (d , b r o a d ) ,  1 H ,  J  =  6  H z ) ,  4 . 1 5  ( m , 1 H ) ,  

1 . 4 1  ( s ,  3  H ) ,  1 . 2 4  ( s , 3  H ) ,  0 .9 0  ( s ,  9  H ) ,  0 .0 0  ( s ,  6  H ) .

Wittig Reaction on Lactol 31. T o  a  s o lu t io n  o f  1 4 5  m g  ( 0 .3 3  m m o l)  

o f  l a c t o n e  30 in  5  m L  o f  d r y  t o l u e n e  c o o le d  t o  — 7 8  ° C  u n d e r  n i t r o g e n  

w a s  a d d e d  d r o p w is e  v i a  s y r in g e  0 . 7 1  m L  (0 .9 9  m m o l)  o f  a  2 0 %  s o lu t io n  

o f  d i i s o b u t y la lu m in u m  h y d r i d e  in  t o lu e n e .  T h e  r e a c t io n  w a s  q u e n c h e d  

a t  - 7 8  ° C  a f t e r  3 0  m in  b y  t h e  c a r e f u l  d r o p w is e  a d d i t i o n  o f  m e t h a n o l .  

T h e  r e a c t io n  w a s  d i lu t e d  w i t h  4 0  m L  o f  e t h e r  a n d  w a s  w a r m e d  t o  r o o m  

t e m p e r a t u r e .  W a t e r  ( 0 .5  m L )  w a s  a d d e d  a n d  s t i r r i n g  w a s  c o n t i n u e d  

f o r  4 0  m i n ,  f o l l o w e d  b y  d i r e c t  d r y i n g  o v e r  a n h y d r o u s  m a g n e s i u m  

s u l f a t e .  E v a p o r a t i o n  o f  t h e  s o l v e n t  in  v a c u o  p r o v i d e d  1 3 6  m g  o f  

h e m i a c e t a l  3 1  w h i c h  w a s  u s e d  d i r e c t l y  in  t h e  n e x t  r e a c t i o n .

A  s u s p e n s i o n  o f  3 1 3  m g  ( 6 .2 7  m m o l)  o f  5 0 %  s o d i u m  h y d r i d e  d i s 

p e r s io n  ( w a s h e d  w i t h  h e x a n e  p r io r  t o  u s e )  in  3 .0  m L  o f  f r e s h l y  d i s t i l l e d  

d i m e t h y l  s u l f o x i d e  w a s  h e a t e d  a t  7 5  ° C  f o r  1  h  u n d e r  n i t r o g e n .  T o  t h e  

a b o v e  s o l u t i o n  c o o le d  t o  r o o m  t e m p e r a t u r e  w a s  a d d e d  1 . 4 6  g  ( 3 .3  

m m o l)  o f  ( 4 - c a r b o x y b u t y l ) t r ip h e n y l  p h o s p h o n iu m  b r o m id e  in  4 .0  m L  

o f  d r y  d i m e t h y l  s u l f o x i d e .  A  4 . 0 - m L  a l i q u o t  o f  t h e  d a r k - r e d  y l i d  s o 

l u t i o n  w a s  a d d e d  t o  a  s o l u t i o n  o f  1 3 6  m g  o f  h e m i a c e t a l  3 1  in  1 . 0  m L  

o f  d r y  d i m e t h y l  s u l f o x i d e .  A f t e r  1 8  h  a t  2 5  ° C ,  t h e  r e a c t i o n  m i x t u r e  

w a s  h e a t e d  a t  6 0  ° C  f o r  2 0  m in .  T h e  r e a c t i o n  w a s  q u e n c h e d  b y  t h e  

a d d i t i o n  o f  1 0  m L  o f  i c e - w a t e r  a n d  c a r e f u l l y  a c i d i f i e d  t o  p H  5  w i t h  

0 .5  N  s o d i u m  h y d r o g e n  s u l f a t e .  T h e  p r o d u c t  w a s  is o la t e d  b y  e x t r a c t io n  

w i t h  e t h e r  ( 4  X  1 5 0  m L ) .  T h e  c o m b i n e d  o r g a n i c  e x t r a c t s  w e r e  d r i e d  

o v e r  a n h y d r o u s  m a g n e s i u m  s u l f a t e ,  f i l t e r e d ,  a n d  c o n c e n t r a t e d  in  

v a c u o .  T h e  y e l lo w  r e s i d u e  w a s  e s t e r i f i e d  w i t h  e t h e r e a l  d i a z o m e t h a n e .  

T h e  c r u d e  p r o d u c t  w a s  c h r o m a t o g r a p h e d  o n  2 0  g  o f  s i l i c a  g e l.  E l u t i o n  

w i t h  h e x a n e - e t h e r  ( 1 : 1 )  g a v e  8 5  m g  ( 4 8 %  o v e r a l l  y i e l d  f r o m  3 0 )  o f  

h y d r o x y  e s t e r  3 2  a s  a  c o l o r l e s s  o i l :  I R  (CCI4 ) 3 5 5 5 ,  2 9 9 0 ,  2 9 5 0 ,  2 9 3 0 ,  

2 8 5 5 , 1 7 4 0 , 1 4 6 0 , 1 4 3 9 , 1 3 8 5 , 1 3 7 5 , 1 3 6 5 , 1 2 5 8 , 1 2 1 7 , 1 1 7 5 , 1 0 6 0  c m " 1 ; 

N M R  (CDCI3 ) 5 .6 0  ( m , 2  H ) ,  5 . 3 8  ( m , 2  H ) ,  4 . 4 1  ( m , 1  H ) ,  4 . 1 0  ( m , 2  

H ) ,  3 . 6 1  ( s ,  3  H ) ,  1 . 4 7  ( s ,  3  H ) ,  1 . 2 5  ( s ,  3  H ) ,  0 .8 7  ( s ,  9  H ) .

( ± ) - 12 -Hydroxy-PGF2a -(ll ,12 - 0 -isopropylidene) Methyl 
Ester ( 3 3 ) .  A  s o lu t io n  o f  5 0  m g  (0 .0 9  m m o l)  o f  s i l y l  e t h e r  3 2  in  3 .0  m L  

o f  t e t r a h y d r o f u r a n  w a s  t r e a t e d  a t  2 5  ° C  f o r  4  h  w i t h  7 0  m g  ( 0 .2 7  m m o l)  

o f  t e t r a - n - b u t y l a m m o n i u m  f lu o r id e .  T h e  r e a c t io n  m ix t u r e  w a s  d i lu t e d  

w i t h  5 0  m L  o f  e t h e r  a n d  w a s h e d  w i t h  a  s a t u r a t e d  s o l u t i o n  o f  s o d i u m  

b i c a r b o n a t e .  T h e  e t h e r  l a y e r  w a s  d r i e d  o v e r  a n h y d r o u s  m a g n e s i u m  

s u l f a t e  a n d  e v a p o r a t e d ,  l e a v i n g  3 5  m g  o f  c r u d e  p r o d u c t  a s  a  m i x t u r e  

o f  e p im e r s  a t  C - 1 5  w h ic h  w a s  p u r i f i e d  o n  1 5  g  o f  s i l i c a  g e l. E l u t i o n  w it h  

e t h e r - e t h y l  a c e t a t e  ( 1 0 : 1 )  g a v e  2 9  m g  ( 7 6 % )  o f  a  c o l o r l e s s  o i l .  T h e  

p r o d u c t  ( 2 0  m g )  w a s  s e p a r a t e d  in t o  t h e  C - 1 5  a  a n d  (3 e p im e r s  3 3  ( m o r e  

p o l a r )  a n d  3 4  ( le s s  p o l a r )  o n  1 0  g  o f  s i l i c a  g e l  u s i n g  b e n z e n e - e t h y l  

a c e t a t e  ( 3 : 1 ) .  T h e r e  w a s  o b t a i n e d  in  o r d e r  o f  e lu t io n ,  5  m g  o f  p u r e  3 4 ,  

a  m i x t u r e  ( 1 0  m g )  o f  3 3  a n d  3 4 ,  a n d  3  m g  o f  p u r e  3 3 :  I R  ( C H C I 3 ) 3 5 4 0 ,  

3 0 0 5 ,  2 9 6 0 , 2 9 3 5 ,  2 8 6 5 , 1 7 3 0 , 1 4 7 0 , 1 4 6 0 , 1 4 4 0 , 1 4 1 8 , 1 3 8 6 , 1 3 7 8 , 1 3 6 5 ,  

1 3 3 5 , 1 3 1 5 , 1 2 6 0 , 1 2 3 5 , 1 2 0 5 , 1 1 7 1 , 1 1 3 8 , 1 1 0 5 , 1 0 5 9 , 1 0 2 1 ,  9 8 5  c m - 1 ; 

N M R  ( C D C I 3 ) 8 5 . 7 5  ( m , 2  H ) ,  5 .4 0  ( m , 2  H ) ,  4 .4 8  ( m , 1  H ) ,  4 .0 8  (m , 

2  H ) ,  3 .6 7  ( s ,  3  H ) ,  1 . 5 2  ( s , 3  H ) ,  1 . 3 5  ( s ,  3  H ) ,  0 .9 0  ( t ,  3  H ) .

(±)-l2-IIydroxy-PGF2<* Methyl Ester (5). A  1 : 1  m i x t u r e  o f  

a c e t o n i d e s  33 a n d  34 (4 8  m g , 0 . 1 1  m m o l)  in  2 .0  m L  o f  m e t h a n o l  w a s  

t r e a t e d  a t  r o o m  t e m p e r a t u r e  w i t h  a  c a t a l y t i c  a m o u n t  o f  p - t o l u e n e -  

s u l f o n i c  a c i d  f o r  2 4  h . T h e  r e a c t i o n  m i x t u r e  w a s  d i l u t e d  w i t h  5 0  m L  

o f  c h lo r o f o r m  a n d  w a s h e d  w i t h  a  s a t u r a t e d  s o l u t i o n  o f  s o d i u m  b i 

c a r b o n a t e .  A f t e r  d r y i n g  o v e r  a n h y d r o u s  m a g n e s i u m  s u l f a t e  a n d  

e v a p o r a t i o n  o f  t h e  s o l v e n t  in  v a c u o ,  t h e  c r u d e  p r o d u c t  w a s  c h r o m a 

t o g r a p h e d  o n  1 5  g  o f  n e u t r a l  s i l i c a  g e l  ( S i l i c A R  C C - 7 ) .  E l u t i o n  w i t h  

e t h e r - e t h y l  a c e t a t e - m e t h a n o l  ( 1 0 : 1 0 : 1 ) p r o v i d e d  1 1  m g  ( 2 6 % )  o f  a  

m i x t u r e  o f  ( ± ) - 1 2 - h y d r o x y - P G F 2i* m e t h y l  e s t e r  (5) a n d  ( ± ) - 1 5 - e p i -

1 2 - h y d r o x y - P G F 2„  m e t h y l  e s t e r  (35). T h e  m i x t u r e  o f  5 a n d  35 w a s  

s e p a r a t e d  o n  S i l i c A R  C C - 7  e m p lo y in g  e t h e r - e t h y l  a c e t a t e  ( 1 : 1 ) .  T h e r e  

w a s  o b t a i n e d  in  o r d e r  o f  e lu t io n  5  m g  o f  35,6  m g  o f  a  m i x t u r e  o f  35 a n d  

5, a n d  3  m g  o f  ( ± ) - 1 2 - h y d r o x y - P G F 2„  m e t h y l  e s t e r  (5) a s  a  s o l id .  

R e c r y s t a l l i z a t i o n  o f  5 f r o m  e t h e r - p e n t a n e  g a v e  p u r e  5: m p  6 5 - 6 7  ° C ;  

I R  ( C H C I 3 ) 3 6 2 0 , 3 4 2 5 , 3 0 3 0 , 2 9 6 0 ,  2 9 4 5 , 2 8 6 5 , 1 7 3 8 , 1 4 6 3 , 1 4 2 0 , 1 2 4 1 ,  

1 2 1 0 , 1 1 6 5 , 1 1 1 0 , 1 0 5 5 , 9 8 2 , 9 3 8  c m “ 1 ; N M R  ( 2 5 0  M H z )  ( C D C 1 3 ) 8 5 .7 8  

( d d ,  1  H ,  J  =  1 5  H z ,  7  H z ) ,  5 .5 0  ( d ,  1  H ,  J  =  1 5  H z ) ,  5 . 3 8  ( m , 2  H ,  cis- 
C H = C H - ) ,  4 . 1 2  ( m , 2  H ) ,  3 .9 2  ( m , 1  H ) ,  3 .6 6  ( s ,  3  H ) ,  0 .8 8  ( t ,  3  H ) .
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B e r b i n e s  c o n t a i n i n g  m e t h y l  s u b s t i t u e n t s  a t  C - 8  a n d  C - 1 3  h a v e  b e e n  s y n t h e s i z e d  b y  s t e r e o s p e c i f i c  c y c l i z a t i o n s  o f  

i m i n i u m  s a l t s  g e n e r a t e d  b y  « - a m i n o  a c i d  d e c a r b o n y l a t i o n .  ( 8 S , 1 3 a R ) - ( + ) - 8 - M e t h y l - 2 , 3 , 1 0 , l l - t e t r a m e t h o x y b e r -  

b i n e  [ ( + ) - 0 - m e t h y l c o r y t e n c h i r i n e  ( 5 ) ]  w a s  s y n t h e s i z e d  s t a r t i n g  f r o m  d i h y d r o x y p h e n y l - L - a l a n i n e  (7 )  v i a  a  p r e v i o u s 

l y  d e s c r i b e d  s t e r e o s e l e c t i v e  i n t r o d u c t i o n  o f  t h e  1 - m e t h y l  s u b s t i t u e n t  t o  g i v e  ( l S , 3 S ) - ( — ) - l , 2 , 3 , 4 - t e t r a h y d r o - 6 , 7 -  

d i h y d r o x y - l - m e t h y l - 3 - i s o q u i n o l i n e c a r b o x y l i c  a c i d  ( 8 ) . T h i s  w a s  e f f i c i e n t l y  c o n v e r t e d  t o  e t h y l  ( I S , 3 S ) - ( - ) - l , 2 , 3 ,4 -  

t e t r a h y d r o - 6 , 7 - d i m e t h o x y - l - m e t h y l - 3 - i s o q u i n o l i n e c a r b o x y l a t e  ( 1 0 )  b y  e s t e r i f i c a t i o n ,  N - f o r m y l a t i o n ,  m é t h y l a t i o n  

o f  t h e  p h e n o l i c  h y d r o x y l s ,  a n d  s e l e c t i v e  d e f o r m y l a t i o n .  A l k y l a t i o n ,  h y d r o l y s i s ,  i m i n i u m  s a l t  f o r m a t i o n ,  a n d  c y c l i z a -  

t i o n  t h e n  p r o c e e d e d  in  h ig h  y i e l d  s t e r e o s p e c i f i c a l l y  t o  g i v e  ( + ) - 0 - m e t h y l c o r y t e n c h i r i n e  ( 5 ) .  3 - M e t h y l ( 3 , 4 - d i -  

m e t h o x y p h e n y l ) a l a n i n e  w a s  s y n t h e s i z e d  w i t h  t h e  m e t h y l  s u b s t i t u e n t  e n a n t i o m e r i c a l l y  p u r e  b y  r e s o l v i n g  3 - ( 3 ,4 - d i -  

m e t h o x y p h e n y l ) b u t y r i c  a c i d  a n d  t h e n  a m i n a t i n g  v i a  t h e  m a l o n a t e  d e r i v a t i v e  3 1  u s i n g  c h lo r a m i n e .  H y d r o l y s i s  a n d  

d e c a r b o x y l a t i o n  o f  t h e  o p t i c a l l y  a c t i v e  a m i n o m a l o n a t e  p r o c e e d e d  w i t h  l i t t l e  s t e r e o s e l e c t i v i t y .  T h e  r e s u l t i n g  0 -  

m e t h y l ( 3 ,4 - d i m e t h o x y p h e n y l ) a l a n i n e  ( 1 9 )  w a s  t h e n  c o n v e r t e d  t o  2 - [ 2 - ( 3 , 4 - d i m e t h o x y p h e n y l ) e t h y l ] - l , 2 , 3 , 4 - t e t r a -  

h y d r o - 6 , 7 - d i m e t h o x y - 4 - m e t h y l - 3 - i s o q u i n o l i n e c a r b o x y l i c  a c i d  ( 2 3 ) ,  d e c a r b o n y l a t e d  t o  t h e  i m i n i u m  s a l t  1 ,  a n d  c y -  

c l i z e d  s t e r e o s p e c i f i c a l l y  t o  g i v e  r a c e m i c  f r a n s - 1 3 - m e t h y l - 2 , 3 , 1 0 - l l - t e t r a m e t h o x y b e r b i n e  ( 2 ) .  D i s p r o p o r t i o n a t i o n  

w a s  o b s e r v e d  a s  a  s i d e  r e a c t i o n ,  a n d  m o d i f i e d  c o n d i t i o n s  a r e  c o n s i d e r e d  w h i c h  d e c r e a s e  t h i s  d i s p r o p o r t i o n a t i o n  o f  

t h e  i n t e r m e d i a t e  d i h y d r o i s o q u i n o l i n e .

The decarbonylation of a-tertiary amino acids has been 
demonstrated to be an efficient method for regiospecifically 
generating iminium salts.1 That the starting material, an tr
amino acid, also may be asymmetric suggests two additional 
potential advantages. Although the a-carbon asymmetry is 
lost on iminium salt generation, the chirality of the amino acid 
may be used to induce asymmetry in earlier reactions intro
ducing additional substituents. Secondly, enantiomerically 
pure products may be possible by prior resolution of the amino 
acid or amino acid precursors. To address these questions, we 
chose to investigate the synthesis of 8 - and 13-methylberbines, 
applying the general method for synthesis of berbines de
scribed in our earlier work.2 The synthesis of both classes of 
compounds presents a stereochemical question in the outcome 
of the cyclization step since diastereomers are possible 
(Scheme I).

8 -Methylberbines. Obligatory to the synthesis of berbines 
by the general method we have developed is an intermediate
l,2,3,4-tetrahydro-3-isoquinolinecarboxylic acid. A substit
uent at C-8  of the subsequently formed berbine requires a 
corresponding C-l substituent in the tetrahydroisoquinoline. 
Such a compound has been described3 in the asymmetric 
synthesis of (lS,3S)-(—)-l,2,3,4-tetrahydro-6,7-dihydroxy- 
l-methyl-3-isoquinolinecarboxylic acid (8 ) from dihydroxy - 
phenyl-L-alanine (7) (Scheme II). This reaction allows for the 
preparation of an 8 -methylberbine enantiomerically pure at 
the 8  position. However, the phenolic secondary amine 8  must 
be N-alkylated and the phenolic hydroxyls converted to 
methyl ethers to realize the a-tertiary amino acid necessary 
for iminium salt generation.

The simplest route to the required dimethoxy tertiary 
amine would be to selectively methylate the phenols and then 
N-alkylate. However, treatment of ethyl ester 9 with diazo
methane gave mostly the permethylated compound 11 with 
a small amount of the selectively alkylated compound 1 0 .4 
Applying a method which had previously5 been selective for 
the methylation of phenols, the phenolic amine 8  was treated 
with A^A/'-diisopropyl-O-methylisourea, but gave exclusively 
the permethylated compound 11 with partial racemization. 
This unexpected racemization foreshadowed difficulties in 
this seemingly simple conversion.

Another scheme was to protect the catechol portion of the 
molecule, alkylate the nitrogen, and then deprotect and 
methylate the phenols. Thus, 9 was treated with phenylbo-

ronic anhydride to form the cyclic borate ester 1 2 , which was 
N-alkylated to give 13. The catechol was deprotected during

Scheme I. Iminium Salt Cyclization to Diastejeomeric 
8 - andl3-Methyl-2,3,10,ll-tetramethoxyberbines
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S c h e m e  I I .  S y n t h e s i s  o f  6 , 7 - D i m e t h o x y - l - m e t h y l t e t r a h y d r o - 3 - i s o q u i n o l i n e c a r b o x y l a t e s  w i t h  P a r t i a l  R a c e m i z a t i o n

+
■ O C H ,

O C R

1 4 ,  R „ ,  R ,  -  H ;  R 3 -  C 2 H 5

1 5 ,  R 6 , R ,  =  C H 3 ; R 3 =  C 2 H s

1 6 ,  R „ ,  R ,  =  C H , ;  R 3 =  H

isolation by exchange with 1,3-propanediol, and the phenolic 
tertiary amine was methylated with N ,N '-diisopropyl-0- 
methylisourea to give 15 in 57% overall yield (Scheme II). This 
ester was hydrolyzed, the acid 16 was decarbonylated, and the 
iminium salt 4 was cyclized to give the berbine. Ring closure 
took place exclusively to form isomer 5 with the 8 -methyl and 
13a-hydrogen cis as shown in Scheme I. To our surprise, 
however, the optical rotation of the product indicated that 
only 16% of the optical activity had been retained through this 
series of reactions.

In considering where this substantial racemization might 
have occurred, we focused on the conversion of the catechol 
14 to the veratrole 15. Either the catechol or its monomethyl 
ether, with a free hydroxyl at C-6 , could lead to racemization 
at C-l of the tetrahydroisoquinoline through methide inter

mediate 17. Racemizations of various tetrahydroisoquinolines 
analogous to ours have been observed.6

Thus, it became mandatory, for a chirally specific synthesis, 
to avoid conversions of the type 14 — 15, that is, to avoid 
methylation of the phenolic tertiary amine. Actually, the de
sired transformation of the dihydroxytetrahydroisoquino- 
line 8  to the dimethoxy secondary amine 10  has been accom
plished4 with complete chiral integrity. However, the overall 
yield was poor (~6 %). The transformation was effected by 
selectively protecting the amine as its acetyl derivative after 
esterification, but difficulties in removing the N-acetyl were 
responsible in part for the poor yield.

We have modified this process and improved the overall 
yield to 6 6 %. A key change was the use of the formyl group to 
protect the nitrogen. This allowed its facile selective removal 
in the presence of the ethyl ester and avoided the additional

S c h e m e  I I I .  S y n t h e s i s  o f  C h i r a l l y  P u r e  6 , 7 - D i m e t h o x y - l -  

m e t h y l t e t r a h y d r o - 3 - i s o q u i n o l i n e c a r b o x y  l a t e s

i n  C O ..H
H C l / C 2H 5O H
------------------- V 9

9 4 %

C H :,

8

( 1 )  A c 20 / H C 0 0 H
( 2 )  H C 1 / C 2H 50 H / H 20

88%

1 8

( 1 )  K H C 0 3/ ( C H 3) 2S 0 4
( 2 )  H C l / C 2H 5O H / A

80%

C R O

C R O

coc h

N H  • H C 1

i
C H ;,

10

reesterification step. Also, a possible side reaction in the 
methylation step is conversion of the N-formyl group to 
methyl imidate salt. This is accommodated by using an al
kaline isolation procedure at this stage of the synthesis. The 
product, a mixture of amine and amide, was heated with 
HCI/C2H5OH to remove all remaining formyl residues, and 
chirally pure ethyl (lS^SM -R l^S^-tetrahydro-l- 
methyl-6,7-dimethoxy-3-isoquinolinecarboxylate (1 0 ) was 
isolated as its hydrochloride (Scheme III).

To form berbine, ester hydrochloride 10 was then converted 
to the free amine, alkylated with the phenylethyl bromide, 
hydrolyzed, decarbonylated, and cyclized in the usual manner 
to give 5 in high yield with an optical rotation for the hydro
chloride of [«]d +136° (lit.4 [o:]d +148°), corresponding to 94% 
retention of optical purity from isoquinoline 10. Ring closure 
of iminium salt 4 was stereospecific with less than 1% of isomer
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Scheme IV

6  as established by LC and GC. The product was identical with 
(+)-0-methylcorytenchirine (5) by comparison of its physical 
and spectral properties with those reported.7

Thus, the optically active amino acid was able to effect a 
stereospecific introduction of what ultimately became the
8 -methyl group of the berbine. Even if the a  carbon of the 
amino acid may have racemized in subsequent steps, its 
function of inducing asymmetry was complete and it need only 
serve to create ¡minium salt regiospecifically by a self-de
struction process. The methyl group, now of a single stereo
chemistry, directed a stereospecific ring closure to a single, 
optically pure compound. Interestingly, the methyl group did 
this from a position relatively remote from the bond-forming 
site. This can be rationalized by assuming that the methyl 
group influenced the conformation of the transition state and 
thus the mode of attack by the aromatic ring of the iminium 
salt.

13-Methylberbines. The complimentary substitution 
pattern with a 13-methyl substituent can be envisioned as 
being derived from a /3-methvlphenylalanine derivative (19; 
Scheme IV). Our plan was to resolve the asymmetry due to the 
methyl group at some point in the scheme prior to iminium 
salt cyclization. This should allow a chirally specific synthesis 
and the direct preparation of an optically active final product. 
Thus, we chose to synthesize the /3-methylphenylalanine 19 
with the chirality at the ¡3 carbon resolved. Since the carboxyl 
group would be lost in decarbonylation to form iminium salt, 
its stereochemistry was of no concern and we sought the dia- 
stereomeric pair with only the ¡3 carbon configurationally 
pure.

The synthetic options at this point were to prepare all four 
isomeric /3-phenylalanines, separate diastereomers, and then 
resolve to obtain a single compound. Alternatively, we could 
resolve only the asymmetry resulting from the /3-methyl group 
by resolving 3-(3,4-dimethoxyphenyl)butyric acid (28) and 
then aminate to obtain the phenylalanine derivative. The 
former method has been reported,8 but is troublesome and 
inefficient. The target then became 28. Our synthesis (Scheme
V) began with veratrole (24), which was converted to aceto- 
veratrone9 (25) and thence in a carefully controlled Refor- 
matsky reaction to give, after dehydration, a mixture of the 
three isomeric unsaturated esters 26 in 90% yield. Catalytic 
reduction gave a single product, ethyl 3-(3,4-dimethoxy- 
phenyl)butyrate (27). This was hydrolyzed to the free acid 28 
for resolution.

The resolution of 3-(3,4-dimethoxyphenyl)butyric acid (28), 
after a series of preliminary tests,10 was effected with d -a -  
phenylethylamine in chloroform for the ( -)  isomer and qui
nine in acetone for the (+) isomer. In four recrystallizations, 
constant rotation (+) acid was obtained in 56% yield. Acid 
thus obtained was established as optically pure by quantita-

Scheme V. Intermediates in the Synthesis o f (3-Methyl-3,4- 
dimethoxyphenylalanine Enantiomerically Pure 

at the (3 Position

2 7 ,  R  =  C 2 H 5

2 8 ,  R  =  H

2 9 ,  R  =  H
3 0 ,  R  =  C 2 H 5

tive amide formation using d-a-phenylethylamine-d and 
analysis for diastereomeric purity by GC. This classical res
olution is quite efficient and superior to kinetic resolution 
available through optically active oxazolines. 11 The compa
rable 3-phenylbutyric acid was obtained by the latter process 
in 50% yield, 13% optically pure.

Conversion of (+)-3-(3,4-dimethoxyphenyl)butyric acid
(29) to the desired d-methylphenylalanine (19) requires an 
«-animation, which was attempted first through the a-bromo 
acid. The acid chloride was brominated with N-bromosucci- 
nimide (NBS) in carbon tetrachloride,12 using 2 equiv of NBS 
since ring bromination was more facile than a-bromination. 
The a-bromo ester resulting from addition of methanol was 
treated with potassium phthalimide in DMF.13 Removal of 
the aromatic bromine by hydrogenolysis and hydrazinol- 
ysis-hydrolysis of the a-phthalimido ester give the desired 
amino acid 19; however, it was obtained in less than 15% 
overall yield for seven steps.

Amination of the acid was considered but dismissed since 
poor results have been reported.14 Amination of the ester by 
first forming the enolate with lithium diisopropylamide fol
lowed by treatment with chloramine yielded product, but 
again in less than 15% yield. A possible reason for the poor 
amination yields of these strong bases with chloramine is that 
chloramine has a pKa of 14 ±  2.15 Proton transfer could be 
occurring faster than amination. On this basis, amination 
should be more successful on the anion of malonate 31, a 
weaker base. Indeed, when the anion of 31 was treated with 
chloramine in ether, an 85% yield of amino ester 32 was ob-
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Scheme VI

och3

tained. Chloramine was conveniently prepared by adding an 
NaOCl solution to a cold NH4OH solution buffered with 
NH4CI and then extracting into ether.16 This avoids decom
position caused by excess alkali and gives >90% yields of 
chloramine without the troublesome distillation.17 The mal- 
onate needed, 31, was prepared from ethyl ester 30 in 94% 
yield by forming the enolate with lithium diisopropylamide 
and treating with 150 mol % of ethyl chloroformate at —78 
°C .18 The aminomalonate 32 was then converted to amino acid 
19 by hydrolysis followed by decarboxylation.

Of interest was a report19 that aminomalonic acid 34 could 
be decarboxylated to phenylalanine 35 sterospecifically. We 
were interested in applying this process to our aminomalonate

32 and thereby obtaining a single amino acid. No experimental 
details were given, and 35 was stated to be obtained in 47% 
yield from 33.

We hydrolyzed 32 in refluxing 1 N HC1 to produce amino 
acid 19 as a 4:3 mixture of diastereomers in 89% yield. When 
32 was hydrolyzed with alkali, the dipotassium salt isolated, 
and this subjected to decarboxylation in 1 N HC1, a 3:2 mix
ture of diastereomers was obtained. In the last case, our ami
nomalonic acid intermediate prior to decarboxylation should 
be identical (except for the two methoxyls) with the reported19 
example 34. One possible explanation for this apparent dif
ference might be that the reported reaction was not stereo

specific but slightly stereoselective and that only the erythro 
isomer was isolated (47% yield) by fractional crystallization. 
Indeed, in a similar report of the hydrolysis and decarboxyl
ation of ethyl (±)-2-acetylamino-2-ethoxycarbonyl-3-phen- 
ylbutyrate to (±)-a-methylphenylalanine [(±)-35], the erythro 
isomer predominates (1.5-1.7:1), but is not exclusive, in the 
product.8

The amino acid 19, enantiomerically pure at C-3 and mixed 
at C-2, was converted to the 3-isoquinolinecarboxylic acid 20, 
and the ethyl ester 21 was formed in 79% overall yield. The 
secondary amine was then alkylated to give 22 in 76% yield. 
Hydrolysis proceeded in 89% yield to acid 23 (Scheme IV), now 
ready for iminium salt formation and ring closure.

When 23 was subjected to the standard decarbonylation and 
cyclization conditions, a mixture of the desired berbine 2  and 
one of the dihydroisoquinoline disproportionation products, 
2-[2-(3,4-dimethoxyphenyl)ethyl]-1,2,3,4-tetrahydro-4- 
methylisoquinoline (37), was obtained. These two compounds 
were isolated as the only basic products from this reaction. 
Berbine 2 was established to have the stereochemistry shown 
(Scheme VI) with the hydrogens at C-13 and C-13a trans. This 
assignment is based on the NMR absorption, which for trans
13- and 13a-hydrogens shows a chemical shift for the 13- 
methyl group of ca. 5 1.5 compared to ca. 5 1.0 for the case 
where the hydrogens are cis.20-24 This is the expected mode 
of attack by the aromatic ring on an iminium salt with a sub
stituted carbon adjacent to the bond-forming site and provides 
synthetically based evidence corroborating earlier assign
ments. Finally, both products are racemic, indicating a loss 
of optical integrity at the 4 position of the isoquinoline prior 
to ring closure.

Disproportionation of 4-alkyldihydroisoquinolines has been 
previously reported. For example, when 4-alkyl-l,2-dihy- 
droisoquinolines were treated with acid in an attempt to ob
tain the iminium salt (i.e., the 1,4-dihydroisoquinoIinium salt), 
disproportionation was reported as the exclusive result.25'26 
The mechanism and conditions promoting this dispropor
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tionation are poorly understood. In an attempt to evaluate 
some of the possible variables, the effect of conditions on the 
production of berbine 2 was briefly investigated. The factors 
studied were concentration, time, and temperature during 
both iminium salt formation and acid cyclization and acid 
strength in the latter. The results show that 2 is favored over 
the disproportionation products under (1 ) minimum time, 
lower temperatures, and lower concentrations during decar - 
bonylation in POCI3 and (2 ) higher acidity in the aqueous 
cyclization step. Concentration of reactant in the aqueous 
medium appears unimportant.

These data suggest that disporportionation is a bimolecular 
reaction and that it occurs primarily in the POCI3 solution. 
Earlier studies showed that no cyclization occurs in the POCI3 
with this system, but takes place only in the subsequent 
aqueous acid treatment. The loss of optical activity in all 
products is explicable only if a rapid equilibrium between 
initially formed iminium salt 1 and enamine 36 is established 
prior to cyclization and disproportionation. Scheme VI sum
marizes our observations and hypothesis. Our results are 
suggestive of additional steps now under investigation which 
might avoid disproportionation in this system such as for
mation of an activated acyl derivative under milder conditions 
and decarbonylation under strongly acidic or catalytic con
ditions.

Experimental Section27
Ethyl 2-[2-(3,4-Dimethoxyphenyl)ethyl]-l,2,3,4-tetrahydro-

6,7-dimethoxy-l -methyl-3-isoquinolinecarhoxylate (15a).27a T o

e t h y l  ( l S , 3 S ) - ( —) - l , 2 , 3 , 4 - t e t r a h y d r o - 6 , 7 - d i h d r o x y - l - m e t h y l - 3 - i s o -  

q u i n o l i n e c a r b o x y l a t e  ( 9 ) 4 ( 3 .2 4  g, 1 2 . 9  m m o l)  w a s  a d d e d  p h e n y l b o -  

r o n ic  a n h y d r i d e  ( 1 . 3 9  g , 4 . 5  m m o l) ,  b e n z e n e  ( 6 0  m L ) ,  a n d  D M F  ( 1 0  

m L ) ,  a n d  t h i s  m i x t u r e  w a s  r e f l u x e d  f o r  1  h ,  f o l l o w e d  b y  d i s t i l l a t i o n  

o f  4 0  m L  o v e r  2 .5  h . T o  t h e  r e m a in in g  m ix t u r e  w a s  a d d e d  K 2C O 3  ( 3 .8 2  

g ,  2 6  m m o l)  a n d  l - ( 2 - b r o m o e t h y l ) - 3 ,4 - d i m e t h o x y b e n z e n e  ( 3 .9 4  g , 1 . 6  

m m o l ) ,  a n d  t h e  m i x t u r e  w a s  r e f l u x e d  f o r  2 2  h  a n d  c o o le d .  E t h e r  ( 1 0 0  

m L ) ,  H 20  ( 2 0  m L ) ,  1 , 3 - p r o p a n e d i o l  ( 0 .3  m L ,  4 0  m m o l) ,  a n d  t h e n  1  

N  H C 1  ( 5 2  m L )  w e r e  a d d e d ;  a f t e r  2  h , t h e  e t h e r  l a y e r  w a s  s e p a r a t e d  

a n d  e x t r a c t e d  w i t h  1  N  H C 1  ( 5 0 ,  2 5 ,  a n d  2 5  m L ) .  T h e  a c i d i c  e x t r a c t s  

w e r e  n e u t r a l i z e d  t o  p H  8  w i t h  N a H C O a ,  a n d  e x t r a c t e d  w i t h  C H C I 3 

( 5 0 , 2 5 , 2 5 ,  a n d  2 0  m L ) ,  a n d  t h e  d r i e d  C H C I 3  e x t r a c t s  w e r e  e v a p o r a t e d  

t o  g i v e  a  c r u d e  r e s i d u e  ( 8 .4  g ) .  T o  t h i s  r e s i d u e  w a s  a d d e d  N,N'-d i -  

i s o p r o p y l - O - m e t h y l i s o u r e a  ( 1 6 . 5  g , 1 0 4  m m o l ) ,  a n d  h e a t i n g  w a s  

m a i n t a i n e d  a t  1 0 0  ° C  f o r  2 6  h  u n t i l  a l l  o f  t h e  m a t e r i a l  w a s  c o n v e r t e d  

t o  a  s in g le  p r o d u c t  b y  T L C  ( C H C lg / M e O H , 9 : 1 ;  Rf 0 .7 3 ) .  T h e  m ix t u r e  

w a s  d i s t i l l e d ,  c o l l e c t i n g  e s t e r  1 5 a  b e t w e e n  1 5 0 - 2 1 0  ° C  ( 0 .0 1  t o r r ) ,  t o  

g iv e  3 . 2 5  g  ( 7 .3  m m o l ,  5 7 % ) :  N M R  5 6 . 8 - 6 . 5  ( 5  H ,  m ) ,  4 . 3 - 3 . 5  ( 2  H ,  m ) ,

4 . 1  (2  H ,  q ) ,  3 .9  ( 1 2  H ,  s ) ,  3 . 0 - 2 . 7  ( 6  H ,  m ) ,  1 . 3 5  ( 3  H ,  d ) ,  1 . 1 5  ( 3  H ,  t ) ;  

I R  1 7 2 8  c m - 1 ; M S  m/e ( r e l a t i v e  i n t e n s i t y )  4 4 3  ( 1 ) ,  4 2 8  ( 4 ) ,  3 7 0  ( 1 3 ) ,  

2 9 2  ( 1 0 0 ) .

2-[2-(3,4-Dimethoxyphenyl)ethyl]-1,2,3,4-tetrahydro-6,7-di- 
methoxy-l-methyl-3-isoquinolinecarboxylic Acid (16a). T o  e s t e r  

15a ( 3 . 2 2  g , 7 . 3  m m o l)  w a s  a d d e d  e t h a n o l i c  K O H  ( 8 0 0  m g  in  5 0  m L ) ,  

a n d  t h e  m i x t u r e  w a s  h e a t e d  a t  r e f l u x  f o r  3  h . T h e  s o l v e n t  w a s  e v a p o 

r a t e d ,  w a t e r  a n d  d e c o l o r i z i n g  c a r b o n  w e r e  a d d e d ,  t h e  m i x t u r e  w a s  

f i l t e r e d ,  a n d  t h e  p H  w a s  a d j u s t e d  t o  6  w i t h  6  N  H C 1 .  T h e  f i l t e r e d  s o 

l u t i o n  w a s  e x t r a c t e d  w i t h  C H C I 3  ( 3  X  2 0  m L )  a n d  t h e  C H C I 3  e v a p o 

r a t e d  t o  a  r e s i d u e ,  w h i c h  w a s  r e c r y s t a l l i z e d  f r o m  1 5  m L  o f  C H 3 O H /  

e t h e r  ( 1 :2 ) t o  g i v e  1 . 2 7  g  ( 3 . 1  m m o l ,  4 2 % )  o f  a c i d  16a, m p  1 5 7 - 1 5 8  ° C  

w i t h  s o f t e n i n g  a t  1 5 2  ° C .  A  s e c o n d  c r o p  o f  3 2 8  m g  w a s  o b t a i n e d ,  a n d  

c h r o m a t o g r a p h y  o f  t h e  m o t h e r  l i q u o r  g a v e  6 0 6  m g  (8 0 %  t o t a l  y i e l d ) :  

N M R  <5 6 . 6 4 - 6 . 3 0  ( 5  H ,  m ) ,  4 .4 7  ( 1  H ,  t ) ,  3 . 8 4 , 3 . 8 1 ,  a n d  3 . 7 5  ( 1 2  H ,  s , 

s ,  s ) ,  4 . 1 0 - 3 . 5 4  ( 1  H ,  m ) ,  3 . 5 4 - 2 . 8 4  ( 6  H ,  m ) ,  1 . 6 4  ( 3  H ,  d ) ;  I R  1 6 4 4  

c m - 1 . A n a l .  C a l c d  f o r  C 2 3 H 29N O 6 : C ,  6 6 .5 ;  H ,  7 .0 ;  N ,  3 .4 .  F o u n d :  C ,  

6 6 . 2 ; H ,  7 .0 ;  N ,  3 . 3 .
8-Methyl-2,3,10,ll-tetramethoxyberbine (5a). A c i d  16a ( 2 1 1  

m g , 0 . 5 1  m m o l)  a n d  P O C I 3  ( 1 . 0  m L ,  1 1  m m o l)  w e r e  h e a t e d  a t  7 0  ° C  

f o r  1 0  m in . T h e  m ix t u r e  w a s  c o o le d  ( ic e  b a t h )  a n d  H 20  ( 1 1  m L )  a d d e d ,  

a n d  t h e n  i t  w a s  h e a t e d  a t  1 0 0  ° C  f o r  1 . 2 5  h ,  c o o le d ,  e x t r a c t e d  w i t h  

C H C I 3  ( 3  X  1 0  m L ) ,  s a t u r a t e d  w i t h  N a C l ,  a n d  e x t r a c t e d  a g a i n  w i t h  

C H C I 3  ( 5  m L ) .  T h e  d r i e d  e x t r a c t s  w e r e  e v a p o r a t e d  t o  g i v e  2 1 0  m g  

w h i c h  w a s  c h r o m a t o g r a p h e d  ( a f t e r  t r e a t m e n t  w i t h  e t h a n o l i c  H C 1 )  

o n  s i l i c a  ( 1 . 1  X  1 1 . 5  c m )  e lu t in g  w i t h  C H C I 3  ( 2 0  m L )  a n d  t h e n  a c e t o n e  

( 2 6 0  m L )  t o  g i v e  6 6  m g  o f  a n  o i ly  h y d r o c h l o r i d e ,  [ « ] d  + 2 4 °  (c  1 ,  

C H C I 3 ) [ l i t .7  [ « ] d  + 1 4 8 °  c  1 ,  C H C I 3 ) ] .  T h i s  w a s  c o n v e r t e d  t o  t h e  f r e e

b a s e  b y  a d d i t i o n  t o  a  s a t u r a t e d  N a 2 C 0 3  s o l u t i o n ,  e x t r a c t i o n  w i t h  

C H 2 C 1 2 , d r y i n g ,  a n d  e v a p o r a t i n g  t o  a  r e s i d u e  w h i c h  w a s  a  s in g le  s p o t  

b y  T L C  ( E t O A c ;  R/ 0 . 1 6  c o m p a r e d  t o  c o r a l y d i n e ,  Rf 0 .2 7 ,  a n d  0 -  

m e t h y lc o r y t e n c h i r i n e ,  R f 0 . 1 6 ,  b o t h  p r e p a r e d  a c c o r d i n g  t o  t h e  l i t e r 

a t u r e 7) : N M R  5 6 .6 3 ,  6 .5 3  (4  H , m ) ,  4 . 3 7 - 3 . 9 7  ( 1  H ,  m ) ,  3 .8 7  ( 1 2  H ,  s ) ,

3 . 1 6  ( 1  H ,  m ) ,  2 .9 0  ( 5  H ,  m ) ,  1 . 4 0  ( 3  H ,  d ,  J =  7  H z ) ;  M S  m/e ( r e la t iv e  

i n t e n s i t y )  3 6 9  ( 1 5 ) ,  3 5 4  ( 1 0 0 ) .

Ethyl ( I S , 3 S ) - ( - ) - 1 , 2 , 3 , 4-Tetrahydro-6,7-dihydroxy-l-
methyl-3-isoquinolinecarboxylate Hydrochloride (9). A c i d  8 

( 1 2 . 4 4  g , 5 6  m m o l)  in  e t h a n o l  ( 1 0 0  m L )  a n d  s a t u r a t e d  H C l / e t h a n o l  

( 5 0  m L )  w a s  r e f l u x e d  f o r  6  h ,  t h e  s o l v e n t  e v a p o r a t e d ,  a n d  t h e  r e s i d u e  

r e c r y s t a l l i z e d  f r o m  a c e t i c  a c i d  t o  g i v e  e s t e r  9  h y d r o c h l o r i d e :  1 5 . 1 6  g  

( 5 2 .6  m m o l ,  9 4 % ) ; m p  2 2 0 - 2 2 1  ° C  d e c  ( l i t . 3  m p  2 2 9 - 2 3 0  ° C ) ;  [ a j n  

- 1 1 0 . 5 °  (c  1 . 2 ,  C H 3 O H ) ] .

Ethyl (IS,3S)-( +)-2-Form yl-1,2,3,4-tetrahydro-6,7-dihy- 
droxy-l-methyl-3-isoquinolinecarboxylate (18). T o  9 ( 1 2 . 3 2  g ,

4 2 .8  m m o l)  w a s  a d d e d  9 7 %  H C 0 2H  ( 1 0 7  m L ) ,  H C 0 2K  ( 3 .9 6  g , 4 7  

m m o l) ,  a n d  t h e n  A c 20  ( 4 3  m L )  d r o p w is e  o v e r  5  m in  w h i le  m a in t a in in g  

t h e  i n t e r n a l  t e m p e r a t u r e  a t  5  ° C .  T h e  m i x t u r e  w a s  s t i r r e d  a t  r o o m  

t e m p e r a t u r e  f o r  3  h , a n d  t h e n  e t h a n o l  ( 1 4 0  m L )  w a s  a d d e d ,  t h e  s o lv e n t  

w a s  e v a p o r a t e d ,  e t h a n o l  ( 2 0 0  m L )  a n d  1  N  H C 1  (4  m L )  w e r e  a d d e d ,  

a n d  t h is  m ix t u r e  w a s  s t i r r e d  a t  r o o m  t e m p e r a t u r e  f o r  1 4  h . T h e  s o lv e n t  

w a s  e v a p o r a t e d ,  a n d  t o  t h e  r e s i d u e  w a s  a d d e d  1  N  H C 1  ( 2 0  m L )  a n d  

E t O A c  ( 2 0 0  m L ) .  T h e  c r y s t a l l i n e  p r e c i p i t a t e  w a s  w a s h e d  w i t h  H 20  

( 2  X 2 0  m L )  a n d  d r i e d  t o  g i v e  5 .4 2  g  ( 1 9 . 5  m m o l) ,  m p  1 7 4 . 5 - 1 7 5  ° C .  

T h e  E t O A c  l a y e r  w a s  w a s h e d  w i t h  s a t u r a t e d  N a H C O j  ( 2  X 2 0  m L )  

a n d  s a t u r a t e d  N a C l  ( 5 0  m L ) ,  d r i e d ,  a n d  e v a p o r a t e d  t o  g i v e  a n  a d d i 

t i o n a l  5  g  ( 1 8  m m o l ;  t o t a l  3 7 . 5  m m o l ,  8 8 % ) o f  f o r m y l  d e r i v a t i v e  18: m p

1 7 0 - 1 7 2  ° C ;  s i n g le  s p o t  b y  T L C  ( C H C V E t O H , ' 9 : 1 ) ,  Rf 0 .2 8 ;  [ « ] D 

+ 6 . 0 °  (c  1 ,  E t O H ) ;  N M R  ( M e 2 S O - < i6) 5 8 .8 0  ( 2  H ,  s ) ,  8 . 3 3  a n d  8 .2 0  (2

H ,  s , s ,  1 : 1 ) , 6 . 6 6 - 6 . 5 6  ( 2  H , m ) ,  5 . 1 7 - 3 . 9 0  (4  H ,  m ) ,  3 . 1 1 - 2 . 8 7  (2 H ,  m ) ,

I .  5 5 - 0 . 9 4  ( 6  H ,  m ) ;  I R  3 3 2 0 ,  2 9 9 0 ,  1 7 3 8 , 1 6 5 6  c m “ 1 .

Ethyl (lS,3S)-(-)-l,2,3,4-Tetrahydro-6,7-dimethoxy-l- 
methyl-3-isoquinolinecarboxylate Hydrochloride (10). F o r m y l  

d e r i v a t i v e  18 ( 3 .9 0  g , 1 4  m m o l) ,  a c e t o n e  ( 1 0 0  m L ) ,  K H C O 3  ( 1 2 ,  g ,  1 2 0  

m m o l) ,  a n d  ( C H 3 )2 S 0 4 ( 5 .3  m L ,  5 6  m m o l)  w e r e  r e f l u x e d  f o r  1 8 . 5  h , 

t h e  s o l v e n t  w a s  e v a p o r a t e d ,  a n d  E t O A c  ( 2 0 0  m L ) ,  s a t u r a t e d  N a 2C 0 3  

( 5 0  m L ) ,  a n d  H 20  ( 1 0  m l)  a d d e d .  A f t e r  s e p a r a t i o n ,  t h e  e t h y l  a c e t a t e  

w a s  w a s h e d  w it h  s a t u r a t e d  N a C l  ( 1 0 0  m L ) ,  d r i e d  a n d  e v a p o r a t e d ,  a n d  

e x c e s s  ( C H 3 )2S 0 4 w a s  r e m o v e d  b y  d i s t i l l a t i o n  a t  5 0  ° C  ( 0 .0 3  t o r r ) .  T h e  

r e s i d u e ,  E t O H  ( 5 0  m L ) ,  a n d  s a t u r a t e d  H C l / E t O H  ( 2 5  m L )  w e r e  r e 

f l u x e d  f o r  3  h . E v a p o r a t i n g  t o  2 0  m L  a n d  c o o l in g  g a v e  c r y s t a l s  w h ic h  

w e r e  w a s h e d  w i t h  c o l d  E t 20 / E t 0 H  ( 4 :3 )  a n d  t h e n  E t 20  t o  y i e l d  3 .5 4  

g  ( 1 1 . 2  m m o l .  8 0 % ) o f  e s t e r  h y d r o c h l o r i d e  10: m p  2 1 3  ° C  ( l i t .4  m p  

2 1 9 - 2 2 0 ° C ) ;  [ « ] D - 9 2 . 9 °  (c  1 ,  E t O H )  [ l i t . 4 [ a ] D - 9 5 . 8 °  (c  1 ,  E t O H ) ] ;  

s i n g le  s p o t  b y  T L C  ( C H C b / E t O H ,  9 : 1 ) ,  Rf 0 .5 9 ;  N M R  5 6 .6 5  a n d  6 .5 8  

( 2  H ,  s ,  s ) ,  4 .7 0  ( 1  H ,  m ) ,  4 . 2 2  ( 2  H ,  q ) ,  4 .2 0  ( 1  H ,  m ) ,  3 .8 5  ( 6  H ,  s ) ,  3 . 3 0  

( 2  H ,  m ) ,  1 . 9 5  ( 2  H ,  d ) ,  1 . 3 0  ( 3  H ,  t ) ;  I R  1 7 5 0  c m ' 1 .

(lS,3S)-2-[2-(3,4-Dimethoxyphenyl)ethyl]-l,2,3,4-tetrahy- 
dro-6,7-dimethoxy-l-methyl-3-isoquinolinecarboxylic Acid 
(16b).27b T o  e s t e r  h y d r o c h l o r i d e  10 ( 2 . 5 3  g ,  8 .0  m m o l)  w a s  a d d e d  

s a t u r a t e d  N a 2 C 0 3  ( 5 0  m L ) ,  a n d  t h i s  w a s  e x t r a c t e d  w i t h  C H C I 3  ( 3  X 
2 0  m L ) .  T h e  e x t r a c t s  w e r e  d r i e d  a n d  e v a p o r a t e d .  T o  t h e  r e s i d u e  w a s  

a d d e d  l - ( 2 - b r o m o e t h y l ) - 3 , 4 - d i m e t h o x y b e n z e n e  ( 2 .4 5  g , 1 0  m m o l) ,  

b e n z e n e  ( 1 0  m L ) ,  D M F  ( 1 0  m L ) ,  a n d  K 2 C 0 3  ( 2 . 2 1  g , 1 6  m m o l ) ,  a n d  

t h i s  m i x t u r e  w a s  h e a t e d  a t  1 1 0  ° C  u n d e r  r e f l u x  f o r  2 3  h . M o r e  l - ( 2 -  

b r o m o e t h y l ) - 3 ,4 - d i m e t h o x y b e n z e n e  ( 1  g ,  4 . 1  m m o l)  w a s  a d d e d ,  a n d  

r e f l u x  w a s  c o n t i n u e d  f o r  8  h ;  t h i s  a d d i t i o n  w a s  r e p e a t e d  a n d  r e f l u x  

c o n t i n u e d  f o r  1 3  h  m o r e .  T h e  m i x t u r e  w a s  c o o le d  a n d  a d d e d  t o  H 20  

( 5 0  m L )  a n d  E t 20  ( 1 0 0  m L ) ,  t h e  a q u e o u s  l a y e r  w a s  s e p a r a t e d ,  s a t u 

r a t e d  N a C l  ( 2 5  m L )  w a s  a d d e d ,  a n d  t h e  m i x t u r e  w a s  e x t r a c t e d  w i t h  

E t 20  ( 3  X 1 7  m L ) .  T h e  c o m b i n e d  E t 20  e x t r a c t s  w e r e  e x t r a c t e d  w i t h  

0 .5  N  H C 1  ( 5 0 , 2 5 ,  a n d  2 5  m L ) ,  a n d  t h e  a c id  e x t r a c t s  w e r e  b a s i f i e d  w i t h  

s a t u r a t e d  N a 2 C 0 3  (6 0  m L ) ,  e x t r a c t e d  w i t h  C H 2C 1 2  ( 3  X 2 0  m L ) ,  d r ie d ,  

a n d  e v a p o r a t e d .  T o  t h e  r e s i d u e  w a s  a d d e d  E t O H  ( 4 0  m L ) ,  H 20  ( 1 0  

m L ) ,  a n d  K O H  ( 1  g ) . T h e  m i x t u r e  w a s  r e f l u x e d  f o r  5 .5  h . T h e  s o l v e n t  

w a s  e v a p o r a t e d ,  H 20  ( 4 0  m L )  a d d e d  f o l l o w e d  b y  w a s h i n g  w i t h  E t 20  

( 2 0  m L ) ,  a n d  t h e n  t h e  a q u e o u s  p h a s e  a d j u s t e d  t o  p H  6  w i t h  6  N  H C 1  

a n d  s t o r e d  in  t h e  c o ld  o v e r n i g h t .  T h e  r e s u l t i n g  m i x t u r e  w a s  f i l t e r e d ,  

t h e  f i l t r a t e  w a s  e x t r a c t e d  w i t h  CHCI3  ( 3 X  1 7  m L ) , a n d  t h e  e x t r a c t s  

w e r e  d r ie d  a n d  e v a p o r a t e d  t o  g iv e  1 . 5 8  g  ( 3 .8  m m o l ,  4 8 % ). T h i s  t e r t i a r y  

a m in o  a c i d  16b w a s  r e c r y s t a l l iz e d  f r o m  E t 0 H / E t 20  ( 1 : 2 ) :  m p  1 5 7 - 1 5 8  

° C  d e c ;  N M R  a n d  I R  w e r e  i d e n t i c a l  w i t h  16a.
(8Sl,13aii)-(+)-5,8,13,13a-Tetrahydro-2,3,10,ll-tetrameth- 

oxy-8-methyl-6ff-dibenzo[a,g']quinolizine [(8S,13ajR)-(+)- 
8-Methyl-2,3,10,ll-tetramethoxyberbine, (+)-0-M ethylcor- 
ytenchirine] (5b). T e r t i a r y  a m in o  a c i d  16b ( 2 0 7  m g , 0 .5 0  m m o l)  a n d  

P O C I 3  ( 1  m L ,  1 1  m m o l)  w e r e  h e a t e d  a t  7 0  ° C  f o r  1 0  m in  a n d  t h e n  

c o o le d  ( ic e  b a t h ) ,  a n d  H 20  ( 1 1  m L )  w a s  a d d e d .  T h e  m i x t u r e  w a s  

h e a t e d  a t  1 0 0  ° C  f o r  1 . 5  h ,  c o o le d ,  a d d e d  t o  2  N  N a O H  ( 3 0  m L ) ,  a n d
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extracted with CH2CI2 (3 X 10 mL), and the extracts were dried and 
evaporated to give 169 mg (0.46 mmol, 92%) of crude oily base which 
was chromatographed (3 g of silica, eluting with EtOAc) and converted 
to hydrochloride by dissolving in hot Et20 and adding saturated 
HCl/EtOH (2 drops). The hydrochloride of 5b was recrystallized from 
isopropyl alcohol: 162 mg, 80% yield; mp 193-194 °C (lit.7 mp 205-206 
°C); [a]D +136° (c 0.35, CHC13) [lit.7 [a]D +148° (c 1, CHCI3)]. The 
diastereomeric integrity was established by GC (5% Dexsil 300 GC 
on Anachrom Q, He flow rate of 30 cm3/min, oven 262 °C, injection 
port 260-270 °C, detector 295 °C) using coralydine and O-methyl- 
corytenchirine prepared according to the literature7 for comparison 
(Rt 47.2 and 51.6 min, respectively), by TLC (Brinkman HR, EtOAc; 
Rf 0.16) (coralydine, Rf 0.26), (coralydine, Rf 0.26), and by LC (<1% 
of coralydine; silica, EtOAc); NMR and mass spectra were identical 
with 5a.

Reformatsky Reaction on 3,4-Dimethoxyacetophenone (25). 
Formation o f 26. To zinc (88 g, 1.35 mol, 30 mesh granulated; treated 
with 1 N HC1, washed with water, ethanol, and acetone, and dried at 
160 °C) in a three-neck 5-L round-bottom flask fitted with a paddle 
stirrer, a 500 mL pressure equalized addition funnel, and a series of 
two Liebig condensors connected with adapters to the mouth of a 6-L 
Erlenmeyer flask was added a portion of a solution of acetoveratrone
(25) (198 g, 1.10 mol) and ethyl bromoacetate (200 g, 1.32 mol) in 
benzene (1.23 L) to just cover the zinc, and the mixture was heated 
to reflux. Induction was observed as a rapid generation of solvent 
vapor condensing in the apparatus. The remaining solution was then 
added dropwise while applying enough heat to maintain a vigorous 
reflux (over 30 min). The mixture was gently refluxed for an additional 
45 min and then quenched with an equal volume of 10% H 2SO4. The 
organic layer was washed with 1 N NaOH (1 vol), H2O (1 vol), and 
saturated NaCl (0.5 vol) and then dried. The solvent was evaporated 
and the residue distilled at 195-207 °C (7-11 torr) (in a 15-cm vac
uum-jacketed column with platinum gauze) to give 244 g (0.98 mol, 
90%) as a mixture of the three isomeric unsaturated esters 26: GC (200 
°C, 4 ft, 3% OV-17 Aeropak 30, 100-120 mesh), fit 1.5, 2.4 min; IR 
1732,1712 cm -1.

Ethyl 3-(3,4-Dimethoxyphenyl)butyrate (27). Unsaturated 
esters 26 (400 g, 1.6 mol) in EtOH (450 mL) were hydrogenated using 
10% Pd/C (50 g) as catalyst. After uptake of hydrogen was complete 
(7.5 h), the mixture was filtered through Celite, the catalyst was 
washed with ethanol, the filtrate was evaporated, and the residue was 
distilled at 155 °C (0.1 torr) [lit.28 1 07 °C (0.008 torr)] to give 397 g 
(1.58 mol, 99%) of the saturated ester 27: IR (neat) 1732 cm“ 1; NMR 
(CC14) 5 6.7 (3 H, s), 4.2-3.8 (2 H, q), 3.8 (6 H, d), 3.4-3.0 (1 H, m),
2.6-2.4 (2 H, d), 1.4-1.2 (3 H, d), 1.3-1.0 (3 H, t).

3-(3,4-Dimethoxyphenyl)butyric Acid (28). Ester 27 (397 g, 1.58 
mol), EtOH (1 L), KOH (119 g, 1.8 mol), and H2O) (60 mL) were re
fluxed for 2 h. The solvent was evaporated, H20  (1 L) and 6 N H2SO4 
(350 mL) were added to the residue, the aqueous mixture was ex
tracted with CH2CI2 (3 X 200 mL), and then the organic phase was 
washed successively with H20  (1 vol) and saturated NaCl (1 vol). The 
filtered CH2C12 solution was evaporated, benzene was added to a 
volume of 600 mL, and solvent was slowly evaporated in a stream of 
N2 passed over the cooled solution; total yield of crystalline acid 28 
(in three crops) was 334 g (92%): mp 83-84 °C (lit.8 mp 84-85 °C); IR 
1701 cm "1; NMR 6 6.8 (3 H, s), 3.9 (6 H, d), 3.5-3.0 (1 H, m), 2.7-2.5 
(2 H, m), 1.4-1.2 (3 H, d).

(+)-3-(3,4-Dimethoxyphenyl)butyric Acid (29). To acetone (1.3 
L) was added racemic 3-(3,4-dimethoxyphenyl)butyric acid (28; 224 
g, 1.0 mol) and quinine (324 g, 1.0 mol). Dissolution was complete at 
the boiling point. The mixture was allowed to cool slowly to room 
temperature for 24 h. The salt was recrystallized three more times 
from acetone to a constant rotation to give 160 g, mp 125-127 °C. 
Before liberating the acid, this corresponded to a 60% overall yield 
of the (+) isomer. The acid was recovered by adding the salt to 1 N 
NaOH (1.5 L) and extracting the quinine with CH2C12 (3 X 100 mL). 
The aqueous layer was then acidified with 6 N HC1 to pH 1 and ex
tracted with CH2C12 (3 X 167 mL), and the combined organic layers 
were dried and evaporated to give 57.4 g of carboxylic acid 29 (93% 
from salt, 56% overall for resolution): mp 78.5-79.5 °C; [a]20D +30.2° 
(c 5.6, CH3OH); TLC (CHCl3/MeOH, 9:1), R, 0.56 (single spot); IR 
1728 cm“ 1; NMR 5 6.8 (3 H, s), 3.8 (6 H, s), 3.4-3.0 (1 H, m), 2.7-2.5 
(2 H, m), 1.4-1.2 (3 H, d). Anal. Calcd for C12H160 4: C, 64.3; H, 7.2. 
Found: C, 64.4; H, 7.1.

The optical purity of this acid was established by making the amide 
with d-a-phenylethylamine and determining the diastereomeric 
purity by GC. Thus, both racemic and resolved (i-3-(3,4-dimethoxy- 
phenyl)butyric acid were treated with d-a-phenylethylamine as fol
lows.

To 3-(3,4-dimethoxyphenyl)butyric acid (103 mg, 0.46 mmol) was 
added thionyl chloride (1 mL, 13.94 mmol) and pyridine (1 drop). The

mixture was stirred at room temperature for 60 min, and excess 
thionyl chloride was evaporated. To the residue was added CH2C12 
(2.5 mL), then d-a-phenylethylamine (0.10 mL, 0.78 mmol; [ o ] 20d  

+39.6°), and finally 5% Na2C 03. The mixture was stirred vigorously 
for 15 min. The CH2C12 layer was removed and dried, acetone (2 mL) 
was added, and the solutions were analyzed by GC.

For the amide from racemic carboxylic acid: GC (6 ft, 6% OV-25 on 
Chromosorb W, acid washed, treated with dichlorodimethylsilane, 
100-120 mesh, Vg in. diam, oven 223 °C, injection port 267 °C, detector 
292 °C), Rt-i 52.4 min (area, 179), f it_2 57.6 min (area, 182). For the 
amide made with the resolved carboxylic acid: GC (same conditions), 
fit_ 1 52.2 min (area, 0.35), fit_2 57.2 min (area, 444); purity 99.92%.

The solution containing the two diasteriomeric amides was evap
orated in a stream of nitrogen. Ether (1 mL) and then hexane (1 mL) 
were added, and the crystals that developed melted at 90-94 °C. Anal. 
Calcd for C20H25NO3:C, 73.4; H, 7.7; N, 4.3. Found: C, 73.4; H, 7.7; N,
4.4.

(+)-3-(3,4-Dimethoxyphenyl)butyric Acid Ethyl Ester (30). 
Acid 29 (10 g, 44 mmol), EtOH (50 mL), toluene (100 mL), and con
centrated H2S04 (0.5 mL) were refluxed for 12.5 h, removing H20  with 
a Dean-Stark trap. The solvent was evaporated to 25 mL, the mixture 
cooled, and Et20  (50 mL) added. This was washed with 5% Na2C 03 
(50 mL) and then saturated NaCl (50 mL), the Et20) was evaporated, 
and the residue was distilled (bult-to-bulb) at 115 °C (0.05 torr) to 
yield 10.94 g (43.5 mmol, 98%) of ester 30: mp 34.5-35 °C; [ar]20D +34° 
(c 6.3, CH3OH). Anal. Calcd for Ci4H20O4: C, 66.6; H, 8.0. Found: C, 
66.6; H, 7.9.

Diethyl (+ )-2-(3 ,4-D im ethoxyphenyI)propane-l,l-d i- 
carboxylate (31). To diisopropylamine (9.1 g, 90 mmol) in tetrahy- 
drofuran (90 mL) was added n-butyllithium (30.6 mL of a 2.95 M 
solution, 90 mmol) at -1 0  to -2 0  °C followed after 10 min by ester 
30 (21.39 g, 85 mmol) at -7 0  °C (internal temperature rising to -4 5  
°C). After cooling to -7 3  °C, ethyl chloroformate (19.5 g, 180 mmol) 
was added as fast as possible (temperature rising to —10 °C). After 
stirring for 20 min, the solvent was evaporated and to the residue was 
added H20  (200 mL) and Et20  (200 mL). The Et20  layer was washed 
with saturated NaCl (20 mL), dried, and evaporated, and the residue 
was distilled at 135 °C (0.08 torr) to yield 26.6 g (94%) of malonate 31: 
IR 1731,1751 cm "1; NMR S 6.8 (3 H, s), 4.4-3.5 (12 H, m), 1.4-0.9 (9
H, m).

Diethyl (+ )-l-A m ino-2-(3,4-dim ethoxyphenyl)propane-
I, 1-dicarboxylate (32). To malonate 31 (14.2 g, 43.7 mmol) inTHF 
(120 mL) was added a 50% NaH dispersion in oil (2.1 g, 43.7 mmol) 
and EtOH (0.2 mL). The mixture was stirred at room temperature 
until after gas evolution ceased (9 h total), and to the stirred mixture 
at room temperature was added a cooled solution of dry chloramine 
(170 mL of a 0.49 M Et20  solution, 83.3 mmol), continuing the stirring 
at room temperature for 20 h. The solvent was evaporated and the 
residue distributed between Et20  (200 mL) and 5% Na2S20 3 (100 
mL). The Et20  layer was separated and extracted with 1 N HC1 (3 X 
60 mL), and the aqueous phase was basified with 10% Na2C 03 and 
extracted with CH2C12 (3 X 60 mL). Evaporation of the CH2C12 fol
lowed by distillation at 143 °C (0.25 Torr) yielded 12.6 g (37 mmol, 
85%) of aminomalonate 32: [a]20D +46.4° (c 4.0, CH3OH); MS m/e 
(relative intensity) 339 (0.3), 293 (0.6), 226 (3), 243 (1), 192 (2), 176
(2), 166 (11), 165 (100); IR 3380, 3320,1736 cm "1; NMR b 6.9-6.7 (3
H, m), 4.5-3.5 (11 H, m), 1.9 (2 H, s), 1.4-1.0 (9 H, m). Anal. Calcd for 
Ci7H25N0 6: C, 60.2; H, 7.4; N, 4.1. Found: C, 60.0; H, 7.4; N, 4.1.

(2R,S; 3R or S)-2-Amino-3-(3,4-dimethoxyphenyl)butyric 
Acid (19). To aminomalonate 32 (8.95 g, 26.4 mmol) was added 1 N 
HC1 (100 mL), and the mixture was refluxed for 5 days. The solvent 
was evaporated, the residue dissolved in H20  (100 mL), and the 
mixture adjusted with concentrated NH4OH to pH 6. The solution 
was evaporated, the residue was again dissolved in H20  (100 mL) at 
the boiling point, and the solution was then reduced to 25 mL and 
cooled. After 1 day, the crystals were collected and washed with H20  
(2 X 5  mL, ice cold) to give 5.6 g (23.5 mmol, 89%) of amino acid 19: 
mp 182-192 °C; amino acid analysis under standard conditions29 (Phe, 
fit 180 min) showed 2 peaks, fit 199 (area 6.2) and 212 min (area, 4.3); 
IR 3240,3220,2080,1612 cm "1; NMR (CF3C 02H) 5 7.5-6.9 (3 H, brd),
7.0 (3 H, s), 4.8-4.2 (1 H, brd), 4.0 (6 H, s), 3.9-3.3 (1 H, brd), 1.7-1.5 
(3 H, d). Anal. Calcd for Ci2Hi704N: C, 60.2; H, 7.2; N, 5.9. Found: C, 
60.0; H, 7.1; N, 5.9.

Dipotassium l-Am ino-2-(3,4-dim ethoxyphenyl)propane-
I, 1-dicar boxy late. To aminomalonate 32 (4.0 g, 11.9 mmol) was 
added 95% EtOH (50 mL) and KOH (2 g, 36 mmol). The solution was 
refluxed for 20 h, and the precipitate that formed on cooling was 
recrystallized (aqueous EtOH, toluene) to give the dipotassium salt, 
mp 317-319 °C dec. Anal. Calcd for Ci3H15K2N 06: C, 43.4; H, 4.2; N,
3.9. Found: C, 43.2; H, 4.4; N, 3.7.

Decarboxylation of Dipotassium l-Amino-2-(3,4-dimethox-
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yphenyl)propane-l,l-dicarboxylate. To potassium l-amino-2-
(3,4-dimethoxyphenyl)propane-l,l-dicarboxylate (324 mg) 0.90 
mmol) was added 1 N HC1 (50 mL), and the mixture was refluxed for 
20 h. The crude hydrolysate was subjected to amino acid analysis29 
and showed the diastereomeric /3-methyl-(3,4-dimethoxyphenyl)- 
alanines at 203 and 217.5 min in a ratio of 61:39. The volume was re
duced and the pH adjusted to 6. After several days, the crystals were 
collected to give 2.06 g (8.63 mmol, 73%) of amino acid 19.

l,2,3,4-Tetrahydro-6,7-dimethoxy-4-methyl-3-isoquinoline- 
carboxylic Acid (20). Amino acid 19 (4.55 g, 19.1 mmol), a 37% 
formaldehyde solution (18 mL, 213 mmol), and 6 N HC1 (38 mL) were 
heated at 95 °C for 35 min, the solvent was evaporated at 60-70 °C. 
and the residue was dried to give 5.66 g of crude product. A sample 
for analysis was recrystallized from EtOH/EtOAc: mp 259-263 °C dec; 
NMR (CF3CO2H) ¡5 7.0-6.83 (2 H, m), 4.67 (3 H, m), 4.02 (6 H, s), 3.74 
(1 H, m), 1.69 and 1.50 (3 H, d, d); IR 1748 cm“ 1. Anal. Calcd for 
C13H17NO4-0.25H2O: C, 61.0; H, 6.9; N, 5.5. Found: C, 61.2; H, 6.7; N,
5.4.

Ethyl l,2,3,4-Tetrahydro-6,7-dimethoxy-4-methyl-3-isoqui- 
nolinecarboxylate (21). To crude acid 20 (5.44 g, 18.9 mmol) was 
added p-TsOH-H20  (3.8 g, 20 mmol), EtOH (100 mL), and toluene 
(100 mL), and the solution was refluxed through 4A molecular sieves 
in a Soxhlet extractor for 3.5 days, changing drying agent 3 times 
during this period. The solvent was evaporated, CH2CI2 (20 mL), 
saturated Na2C03 (20 mL), and H20  (10 mL) were added, and the 
aqueous layer was extracted further with CH2CI2 (2 X 20 mL). The 
dried organic extracts were evaporated, and the residue was distilled 
at 130 °C (0.01 torr) to give 4 g (14.4 mmol, 79% based on starting 
phenylalanine derivative 19) of ester 21: mp 67-78 °C; TLC (CH3OH), 
Rf 0.60; two products by GC; IR 3350, 1736 cm-1.

Ethyl 2-[2-(3,4-D im ethoxyphenyl)ethyl]-l,2,3,4-tetrahy- 
dro-6,7-dimethoxy-4-m ethyl-3-isoquinolinecarboxylate (22). 
Ester 21 (11.2 g, 40.2 mmol), benzene (50 mL), DMF (50 mL), l-(2- 
bromoethyl)-3,4-dimethoxybenzene (12.3 g, 50 mmol), and K2C 03 
(11 g, 80 mmol) were heated at 110 °C for 24 h. The mixture was added 
to Et20 (200 mL) and H20  (100 mL), and the Et20  layer was extracted 
with 0.5 N HC1 (100, 50, and 50 mL). Basification of the aqueous layer 
with excess saturated Na2C 03, extraction into CH2C12 (100, 50, 50, 
and 25 mL), drying, and evaporating the extracts left a residue which 
was distilled. Collecting between 120-185 °C (0.03 torr) gave 13.5 g 
(30.5 mmol, 76%) of tertiary amino ester 22: NMR b 6.80-6.48 (5 H, 
m), 4.27-3.97 (4 H, m), 3.87 (12 H, s), 3.80-2.86 (6 H, m), 1.36-0.86 (6 
H, m); IR 1730 cm-1; MS m/e (relative intensity) 443 (5), 370 (24), 
292 (100), 264 (27), 239 (15), 239 (15), 204 (15), 164 (35), 151 (13).

2-[2-(3,4-Dimethoxyphenyl)ethyl]-l,2,3,4-tetrahydro-6,7-di- 
methoxy-4-methyl-3-isoquinolinecarboxylic Acid (23). Ester 22 
(4.0 g, 9.0 mmol), 95% EtOH (50 mL), and KOH (800 mg, 14.4 mmol) 
were refluxed for 21 h, after which time more KOH (300 mg) was 
added and refluxing continued for 5 h. After stirring for an additional 
16 h at room temperature, the solvent was evaporated, water added, 
and the solution adjusted to pH 6.5 with 6 N HC1 and cooled to give 
in two crops 2.29 g. The mother liquors were extracted with CHC13 
(3X17 mL), and the extracts were dried and evaporated to give 1.04 
g more (total 3.33 g, 89%): mp 160-162 °C dec (from methanol); NMR 
0 6.70 (5 H, m), 4.14 (3 H, m), 3.85 (12 H, s), 3.52-2.99 (6 H, m), 1.40 
(3 H, d); IR 1612 cm -'. Anal. Calcd for C23H29N0 6: C, 66.5; H, 7.0; N,
3.4. Found: C, 66.4; H, 7.0; N, 3.3.

trajJs-5,8,I3,13a-Tetrahydro-2,3,10,ll-tetramethoxy-13-me-
thyl-6ii-dibenzo[a,g]quinolizine ( Trans-13-Methyl-2,3,10,11- 
tetramethoxyberbine) (2) and 2-[2-(3,4-Dimethoxyphenyl)- 
ethyl]-l,2,3,4-tetrahydro-6,7-dimethoxy-4-methylisoquinoline
(37). Acid 23 (208 mg, 0.5 mmol) and POCI3 (4 mL) were heated at 
50 °C for 4 min and cooled (ice bath), 3 N HC1 (40 mL) was added, and 
the solution was heated at reflux for 1.5 h. After cooling the mixture, 
it was basified with Na2C 03 and NaOH and extracted with CHCI3 (3 
X 7 mL). The extract consisted of a mixture of two basic products in 
a ratio of 87:13, the major one being frana-13-methyl-2,3,10,ll- 
tetramethoxyberbine (2) in 24% yield. The components were sepa
rated by chromatography (EtOAc) to give the pure components.

(a) frans-13-Methyl-2,3,10,ll-tetramethoxyberbine (2): mp 148 
°C; [«]D 0° (c 1, CHC13); TLC (EtOAc), Rf 0.08, single spot; NMR 5 
6.71,6.68,6.58, and 6.52 (4 H, s, s, s, s), 4.16 (1 H, d, J = 18 Hz), 3.86 
(12 H, s), 3.69-3.34 (1 H, m), 2.90 (6 H, m), 1.47 (3 H, d, J = 7 Hz); MS 
m/e (relative intensity) 369 (22), 354 (9), 192 (7), 178 (100), 163 (18). 
Anal. Calcd for C22H27N 04: C, 71.4; H, 7.4; N, 3.8. Found: C, 71.5 H, 
7.3; N, 3.8.

(b) 2-[2-(3,4-Dimethoxyphenyl)ethyl]-l,2,3,4-tetrahydro-6,7- 
dimethoxy-4-methylisoquinoline (37): mp 84-85 °C; [a]o 0° (c 1,

CHCI3); TLC (EtOAc), Rf 0.27, single spot; NMR 5 6.77,6.67, and 6.47 
(5 H, s, s, s), 3.84 (12 H, s), 3.60 (2 H, s), 2.95 (6 H, m), 1.28 (3 H, d, J 
= 7 Hz); MS m/e (relative intensity) 371 (1), 279 (1), 220 (100). Anal. 
Calcd for C22H29N 04: C, 71.1; H, 7.9; N, 3.8. Found: C, 71.2; H, 7.8; 
N, 3.8.

Registry No.—2, 67408-99-5; 5a, 58116-10-2; 5a HCl, 58116-11-3; 
5b HCl, 58165-69-8; 8,35287-23-1; 9 ,55863-04-2; 9 HCl, 35287-18-4; 
10 HCl, 67409-00-1; 15a, 67409-01-2; 16a, 67409-02-3; 16b, 67409-03-4; 
18, 67409-04-5; 19, 67409-05-6; 20, 67409-06-7; 21, 67409-07-8; 22, 
67409-08-9; 23, 67409-09-0; 25, 120-14-9; 26 (isomer 1), 67409-10-3; 
26 (isomer 2), 67409-11-4; 26 (isomer 3), 67409-12-5; 27,67409-13-6; 
28, 67409-14-7; 29, 67409-15-8; 29 quinine sait, 67409-16-9; 29 d-a- 
phenylethylamide (isomer 1), 67409-17-0; 29 d-a-phenylethylamide 
(isomer 2), 67409-22-7; 30, 67409-18-1; 31,67425-68-7; 32, 67409-19-2; 
32 acid 2K sait, 67409-20-5; 37, 67409-21-6; l-(2-bromoethyl)-3,4- 
dimethoxybenzene, 40173-90-8; d-a-phenylethylamine, 3886-69-9.
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A further application of the 3-nitro-4-(bromomethyl)benzoylpoly(ethylene glycol) support to the liquid-phase 
syntheses of protected peptides possessing free C-terminal carboxyl groups is described. The syntheses were per
formed using the in situ symmetrical anhydride coupling method and the protected peptides were cleaved from the 
support by photolysis at 3 5 0  nm. The five protected peptides Boc-L-Lys(Z)-L-Leu-L-Glu(OBzl)-L-Ala-OH, B oc- l - 
Lys(Z)-L-Leu-L-Glu(OBzl)-L-Ala-L-Leu-L-Glu(OBzl)-L-Ala-OH, Boc-L-Lys(Z)-L-Ala-L-Glu(OBzl)-L-Ala-L-Leu- 
L-Glu(OBzl)-L-Ala-OH, Boc-L-Lys(Z)-L-Leu-L-Glu(OBzl)-L-Ala-L-Ala-L-Glu(OBzl)-L-Ala-OH, and Boc-L- 
Lys(Z)-L-Ala-L-Glu(OBzl)-L-Ala-L-Ala-L-Glu(OBzl)-L-Ala-OH were prepared to be used in the synthesis of se
quential polypeptides as models for the double-stranded coiled-coil structure of tropomyosin.

The liquid-phase method of peptide synthesis using solu
ble poly(ethylene glycol) as the C-terminal protecting group 
was introduced by Bayer et al. in 1971.3 This method offers 
many advantages over the classical and solid-phase methods 
of peptide synthesis.4̂ 6 Its major disadvantage, low yields of 
final peptide obtained by cleavage under drastic conditions 
such as saponification of hydrazinolysis,7 9 was overcome by 
the introduction of a photosensitive 3-nitro-4-(bromo- 
methyl)benzoylpoly(ethylene glycol) support.10 This support 
provides a convenient and high yield photolytic method to 
cleave protected peptides from the poly (ethylene glycol) 
support and offers increased acid stability of the peptide- 
polymer ester bond during peptide synthesis. This paper de
scribes a further application of this photosensitive support 
to the syntheses of fully protected peptides for use in the 
preparation of sequential polypeptides as models for the 
double-stranded coiled-coil structure of tropomyosin.

Tropomyosin is involved in the calcium-regulated system 
of contraction and relaxation.11 Understanding the essential 
features required to form the coiled-coil structure should 
provide a means of determining the detailed molecular in
teractions that occur between tropomyosin, actin, and tro
ponins, as well as the conformational changes that take place 
in tropomyosin during the contraction process.

Analysis of the primary structure of tropomyosin led 
Hodges et al.12 to propose that the two-stranded coiled-coil 
was stabilized by hydrophobic residues situated at positions 
2 and 5 of the repeating heptad sequence (X-N-X-X-N-X-
X)„, where N is a nonpolar residue. This hypothesis was fur
ther supported by the complete sequence of tropomyosin13 
and the preliminary conformation studies on the polyhepta- 
peptide (Lys-Leu-Glu-Ser-Leu-Glu-Ser)„.14 The peptide 
sequences described in this paper were chosen to determine 
the effect that varying the size of the hydrophobic residue in 
positions 2 and 5 has on the formation and stabilization of the 
coiled-coil structure.

The peptides were synthesized using N a-tert-butyloxy- 
carbonyl amino acids under the same conditions employed for 
conventional liquid-phase peptide synthesis. As shown in 
Scheme I, 3-nitro-4-(bromomethyl)benzoic acid (I) was es- 
terified to polyethylene glycol), average mol wt 6000-7500, 
via the dicyclohexylcarbodiimide method in the presence and 
absence of 1-hydroxybenzotriazol (HOBt). The preparation 
of 3-nitro-4-(bromomethyl)benzoylpoly(ethylene glycol) 
(IIIA) in the presence of HOBt resulted in a decreased sub
stitution of 3-nitro-4-(bromomethyl)benzoic acid to the 
polyethylene glycol) as indicated by the bromine substitution 
of 0.076 mmol of Br/g in the presence of HOBt and 0.141 mmol 
of Br/g in the absence of HOBt. This may be due to a side re
action between the polyethylene glycol) and HOBt in the

presence of DCC as reported recently by Hemmasi and 
Bayer.15 A higher substitution (0.23 mmol of Br/g) of I to the 
poly(et,hylene glycol) could be obtained using the procedure 
for compound IIIB with a few milliliters of pyridine added as 
a catalyst.

,/V"-terf-Butyloxycarbonyl amino acids were attached to 
the support by heating under gentle reflux with diisopro- 
pylethylamine in ethyl acetate for 5 days. In the following 
steps of the synthesis the lV“ -tert-butyloxycarbonyl amino 
acids were coupled to the growing chain in a stepwise fashion 
using the symmetrical anhydride method. The coupling step 
was monitored for completion using the qualitative ninhydrin 
method. In most cases, the coupling reactions were complete 
in a single coupling. The peptide-polymer ester bond was 
stable to the conditions used for peptide synthesis since the 
peptide substitution remained unchanged. The protected 
peptides were cleaved from the support by photolysis at a 
wavelength of 350 nm in anhydrous methanol or DMF in the 
absence of oxygen and purified by gel filtration on Sephadex 
LH-20 in methanol-dichloromethane (30:70 v/v).

To achieve maximum cleavage yield, the peptide-PEG was 
irradiated for 18 h, although 10 h of irradiation was found to 
be sufficient as shown in the case of the model tetrapeptide 
Boc-Leu-Ala-Gly-Val-nitro-PEG (Figure 1). The yields ob
tained for the five peptides prepared in this paper were 95% 
for Boc-Lys(Z)-Leu-Glu(OBzl)-Ala (IX), 87% for Boc- 
Lys(Z)-Leu-Glu(OBzl)-Ala-Leu-Glu(OBzl)-Ala (XIV), 96% 
for Boc-Lys(Z)-Ala-Glu(OBzl)-Ala-Leu-Glu(OBzl)-Ala 
(XVII), 90% for Boc-Lys(Z)-Leu-Glu(OBzl)-Ala-Ala- 
Glu(OBzl)-Ala (XXIV), and 92% for Boc-Lys(Z)-Ala- 
Glu(OBzl)-Ala-Ala-Glu(OBzl)-Ala (XXVII) based on the 
quantity of alanine on the Boc-Ala-nitro-PEG support as 
determined by amino acid analysis. The yields of cleaved 
peptide were determined after removal of the polyethylene 
glycol) by precipitation followed by evaporation of the filtrate 
to dryness and a water wash of the protected peptide. At this 
stage, the peptides showed excellent amino acid ratios. Four 
of the five protected peptides were obtained in an average 
yield of 92% after photolysis at a concentration of 5 mL of 
methanol per gram of peptide support. The heptapeptide 
support XXVI (Scheme II) showed a limited solubility in 
methanol and was chosen to study the effect of solvent and 
concentration on the photolysis cleavage yield (Table I). The 
yield of this peptide was improved by reducing the concen
tration to 150 mL of methanol per gram peptide support; 
however, to obtain a 92% yield DMF had to be used as the 
solvent for photolysis. The protected peptides were purified 
on a column of Sephadex LH-20 in methanol-dichlorometh
ane. A representative elution profile is shown in Figure 2. Peak 
2 gave the analytically pure product and peak 1 contained the

0022-3263/78/1943-4190$01.00/0 © 1978 American Chemical Society
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Scheme I

HO-CH,-CH,fO-CH?-
*02 0 

& [̂ ----»E ^  ?

NA 0
8oc-*H-0-CH,Yy-C-0-PEC 

IV A

Boc-Lys(Z >-Leu - Glu(OBzl)-Ala-0-CĤ- 
VIII

Photolysis

Boc-lys(ZI-leu-Glu(OBzl>-Ala-OH 
IX

T? 0
' i < y i

I*
, Boc-GlulOBzIl ♦ OCC ♦ NMM 2. 50% TFA/CH-CL

N°2 0
-^^-C-0-PEG -

1. Boc-Leu + OCC ♦ NMM

NO2
TFA.H-leu-Glu(0Bzl)-Ala-0-CH2-̂ Ĵ -C-0-PEG 

VII

I*Boc-Ala + OCC + NMM

1. Boc-GluiOBzl) ♦ OCC ♦ NMM2. 50% TFA,CH2CI2 
0

TFA. H-GlulOBzD-Ala-teu-GlulOBzD-Ala-O-CH.,-̂  Ç-0-PEG

11. Boc-Leu + OCC + NMM 2. 50% TFA/CH2CI2

Boc-Lys(Z) + DCC * NMM 

NO2, ' W  °-Lys(ZI-[Leu-GlulOBzll-Ala]y-0-CH?-^y-C
XIII
I Photolysis

Boc-lysIZl—̂-Leu-GlulOBzIl-Ala ĵ -OH
XIV

~V:
Boc-Ala ♦ OCC + NMM 50% TFA/CH2CI2

Boc-lys(Z) * DCC » NMM 

NO,
Boc-Lys(Z)-Ala-Glu(OBzll-Ala-leu-GlulOBzlW

XVI
lzl)-Ala-0-CH?-̂  J- C-O-PEG

1P3oc-Lys(ZI-Ala-Glu(OBzl)-Ala-Leu-GlulOBzll-Ala-OH
XVII

T a b le  I. E f fe c t  o f  C on cen tra tion  o f  P e p t id e -P E G  and
S olven t on  P h oto ly sis  C leavage  Y ie ld s “

solvent volume
per gram of cleavage yield, %

peptide-PEG, mL DMF methanol
7.5 39 21

30 47 35
150 92 47

“ Determined using peptide-PEG (XXVI).

polyethylene glycol) that was not removed during the 
workup. The LH-20 chromatography gave an average yield 
of 70%.

To further demonstrate the usefulness of the nitro-PEG 
support, the tripeptide Boc-Ala-Gly-Val-Nitro-PEG10 was 
cleaved from the support with 10% hydrazine hydrate in DMF 
(v/v) for 15 min. The yield of cleaved peptide hydrazide was 
85% based on the quantity of valine on the Boc-Val-nitro-PEG 
support as determined from amino acid analysis. Based on 
these results and those obtained from previous work, this new 
support provides a convenient method for the synthesis of 
fully protected peptide fragments to be used in the prepara
tion of larger peptides by fragment coupling or polymeriza
tion.

E x p e r im e n ta l  S e c t io n

Melting points were determined on an Electrochemical melting 
point apparatus and are uncorrected. Nuclear magnetic resonance 
(NMR) spectra were recorded with either a Varian Model T-60 or a 
270 MHz Briiker spectrometer. The NMR data include the frequency, 
integration, and assignment of the principal functional groups or 
characteristic side chains of the five protected peptides (compounds 
IX , XIV , XVII, X X IV , and X X V II) shown in Schemes I and II. The 
data refer mainly to the resonances of Boc and Bzl and to the protons 
of the leucyl, glutamyl, alanyl, and lysyl side chains (0 ,7, and 6) which 
gave the best resolution. Deuteriochloroform or deuterated CH3OH 
(99%) was used as solvent with tetramethylsilane as an internal ref-

Figure 1. Cleavage yield in percent of Boc-Leu-Ala-Gly-Val obtained 
by photolysis of the peptide-support as a function of time. The 
quantity of the cleaved peptide was determined by amino acid anal
ysis. Samples of protected peptide-support (50 mg) were dissolved 
in 2 mL of absolute methanol.

erence. Elemental analyses were performed at the Microanalytical 
Laboratory, Department of Chemistry, University of Alberta. IR 
spectra were recorded with a Beckman IR 12 spectrometer using KBr 
pellets with 0.5% of sample. All photolyses were done in a RPR 208 
preparative reactor (Rayonet, The Southern New England Ultraviolet 
Co., Middletown, Conn.) equipped with RPR 3500-Â lamps. With the 
reactor at room temperature, the air temperature surrounding the 
sample was maintained at 32 °C by an electric fan. Amino acid anal
yses were obtained on a Durrum Model D-500 high-pressure auto
matic analyzer after hydrolysis of the samples with 6 N HC1 in sealed 
evacuated tubes at 110 °C for 24 h for cleaved peptides and 36 h for 
peptide-PEG support. TLC was performed with precoated silica gel 
plates with a fluorescent indicator obtained from Eastman Kodak
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Scheme II
NO-

TFA.H-Ala-O-CH, C-O-PEG

1. Boc-Glu(OBzl) + DCC + NMM

1. Boc-Ala + DCC + NMM

1. Boc-Ala + DCC + NMM

1. BoC'Glu(OBzl) + DCC + NMM

Nÿ o
TFA.H-Glu(0Bzl)-Ala-Ala-Glu(0Bzl)-Ala-0-CH2- /  Vc-O-PEG 

XXI

1. Boc-Leu ♦ DCC + NMM 
"2. 50% TFA/CH2CI2

XXII

Boc-Lys(Z) + DCC - NMM

Nÿ _  O
Boc-Lys(Z)-leu-Glu(0Bzl)-Ala-Ala-Glu(0Bzn-Ala-0-CH2-/yC-0-PEG

XXIII
| Photolysis

Boc-Lys(Z)-Leu-Glu(OBzl)-Ala-Ala-Glu(OBzl)-Ala-OH
XXIV

1. Boc-Ala + DCC + NMM
2. 50% TFA/CH2CI2

XXV

Boc-Lys(Z) ♦ DCC + NMM

Boc-LysIZI-fAla-GlulOBzll-AlaJj-O-CHjyyC-O-PEG
XXVI

| Photolysis
Boc—Lys(Z)—̂Ala—Glu(OBzl)—Ala]̂ —OH

XXVII

Figure 2. Chromatographie purification of synthetic heptapeptide 
XVII, Boc-Lys(Z)-Ala-Glu(OBzl)-Ala-Leu-Glu(OBzl)-Ala-OH, on 
Sephadex LH-20. The column, 2.2 X 40 cm, was equilibrated with 
methanol-dichloromethane (3:7 v/v), and a sample of 24 mg dissolved 
in 0.5 mL was applied. The flow rate was 12 mL/h, and 2-mL fractions 
were collected. The effluent was monitored by the absorbance of 235 
nm.

(No. 6060) or Analtech silica gel GF plates (0.25 mm). The following 
solvent systems were used: 1-butanol-acetic acid-water, 3:1:1 (system 
A); 1-butanol-concentrated NH4OH, 7:3 (system B); and 1-buta- 
nol-acetic acid-water, 4:1:1 (system C). The compounds were visu
alized directly under ultraviolet light or by spraying with ninhydrin 
in acetone followed by heating after removal of the Boc group by ex
posure to HC1 fumes. The peptides were homogeneous in the solvent 
systems described when 300 Mg of peptide was applied to the thin- 
layer plate.

The following abbreviations were used: DCC, A/N'-dicyclohexyl- 
carbodiimide; DCU, dicyclohexylurea; DEA, diisopropylethylamine; 
NMM, A'-methylmorpholine; HOBt, 1-hydroxybenzotriazole; Boc,

Af"-teri-butyloxycarbonyl; PEG, poly(ethylene glycol); nitro-PEG,
3-nitro-4-(bromomethyl)benzoylpoly(ethylene glycol); THF, tetra- 
hydrofuran; DMF, N,]V-dimethylformamide.

The general procedures of deprotection, coupling, photolysis, and 
peptide purification are described below along with the character
ization of the five finished protected peptides.

Deprotection Procedure. All amino acids were protected on the 
a-amino position with the Boc group. The Boc groups were removed 
at each cycle of the synthesis by treatment for 30 min with 50% 
TFA-CH2CI2 (v/v) using 10 mL of this solution per gram of peptide 
support. The volume of the solution was then reduced by flash 
evaporation to an oil which was triturated with anhydrous ether to 
give a precipitate. After standing for 1 h at —20 °C, the precipitate 
was filtered, washed thoroughly with ether, and dried in vacuo.

Coupling Procedure. All couplings were made via the in situ 
symmetrical anhydride method, using a 5-fold molar excess of Boc 
amino acid and a 2.5-fold molar excess of DCC. The Boc amino acid 
was dissolved in 15 mL of dichloromethane, and the solution was 
cooled to 0 °C. A solution of DCC in 15 mL of dichloromethane was 
prepared and cooled to 0 °C. Both solutions were combined and al
lowed to stand at 0 °C for 1 h. This solution containing the symmet
rical anhydride of the Boc amino acid was filtered directly into a flask 
containing the deprotected peptide support dissolved in 7-10 mL of 
dichloromethane per gram of peptide support. NMM was added to 
neutralize the trifluoracetate salt (pH 7.5-8.0 as measured on mois
tened indicator paper). After stirring the reaction mixture for 1 h at 
room temperature, the pH was readjusted to 7.5-8.0 if necessary by 
further addition of NMM and the reaction mixture was stirred for an 
additional 1-3 h. The solution was reduced to a small volume by 
evaporation in vacuo. The peptide-PEG support was precipitated 
by the slow addition of anhydrous ether, filtered, washed with ether, 
and dried in vacuo. A small sample was taken for TLC in system A to 
check for the complete removal of uncoupled Boc amino acid during 
precipitation.

The extent of coupling was monitored by a qualitative ninhydrin 
test. A sample of the peptide support (10-20 /imol of peptide) in 1 mL 
of water was added to 1 mL of ninhydrin reagent (1 L of 4 N NaAc 
buffer (pH 5.5), 1 L of methylcellosolve, 80 g of ninhydrin, and 7.6 mL 
of a 20% solution of titanium trichloride and the mixture was heated 
at 90 °C for 20 min. The coupling was judged to be complete when no 
blue color could be detected on visual observation. A second coupling 
was carried out if this test was positive.

Photolytic Cleavage of the Peptide from the Support. The
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peptide support was dissolved in absolute methanol (5 mL/g of sup
port). The solution was deaerated with nitrogen for 2 h and irradiated 
for 18 h at 350 nm. After irradiation, the solution containing the 
cleaved peptide, the peptide-PEG, and the PEG was diluted with 
absolute methanol to a volume of 1 L. It was allowed to stand at -2 0  
°C for 3 h and then rapidly filtered. This procedure was repeated 
twice, and the combined filtrates containing the protected peptide 
were evaporated to dryness. The crude product was twice suspended 
in water (5 mL/g of peptide support used for photolysis) and centri
fuged, and the supernatant was removed by decantation and dis
carded. The precipitate containing the protected peptide was further 
purified by Sephadex LH-20 chromatography.

Cleavage of the Peptide from the Support by Hydrazinolysis. 
The peptide support, Boc-Ala-Gly-Val-PEG10 (59 mg containing 
0.113 mmol of peptide per gram), was dissolved in 25 mL of DMF, and 
3 mL of hydrazine hydrate was added with constant stirring. The 
solution was stirred for 15 min at room temperature and evaporated 
to dryness. The residue was dissolved in 20 mL of ethanol, evaporated 
to dryness, and redissolved in 10 mL of ethanol, and 90 mL of anhy
drous ether was added. The mixture was left at —20 °C for 2 h and 
filtered at 4 °C. The filtrate containing the cleaved peptide hydrazide 
was evaporated to dryness. The cleavage yield was 85%, as determined 
by quantitative amino acid analysis.

Chromatographic Purification on Sephadex LH-20. The pro
tected peptide was chromatographed on Sephadex LH-20 in a 2.2 X 
40 cm column equilibrated with methanol-dichloromethane (3:7 v/v). 
The flow rate was 12-15 mL/h, and fractions of 2 mL were collected. 
The complete removal of PEG and peptide-PEG from the protected 
peptide was determined on TLC (system A) and by IR spectroscopy 
from the disappearance of the intensive and characteristic ether band 
of PEG at 1100 cm-1.

3-Nitro-4-(bromomethyl)benzoic Acid (I). This compound was 
prepared by adding 4-(bromomethyl)benzoic acid (60 g, 0.23 mol) to 
500 mL of 90% HNO3 (white fuming) as previously described16 to yield 
64 g (89%), mp 132-135 °C (lit.15 mp 125-126 °C).

Anal. Calcd for C8H6NBr04: C, 36.95; H, 2.32; N, 5.38; Br, 30.73. 
Found: C, 36.67; H, 2.20; N, 5.21; Br, 30.55.

3-Nitro-4-(bromomethyl)benzoy]poly(ethylene glycol) (IIIA).
3-Nitro-4-(bromomethyl)benzoic acid (13 g, 50 mmol) and HOBt (7.65 
g, 50 mmol) were dissolved in 100 mL of THF and added to poly
ethylene glycol) 6000 (30 g; containing a total of 10 mmol of hydroxyl 
groups). DCC (10.5 g 50 mmol) in 200 mL of dichloromethane was 
added, and the reaction mixture was stirred at room temperature for 
24 h. The mixture was filtered to remove precipitated DCU. The above 
quantities of 3-nitro-4-(bromomethyl)benzoic acid, DCC, and HOBt 
were added to the filtrate, and the mixture was stirred for an addi
tional 3 days. The precipitate of DCU was filtered off, the filtrate was 
concentrated in vacuo to a small volume, and the product was pre
cipitated by the addition of ether. The product was filtered, washed 
thoroughly with ether, recrystallized from methanol by the slow ad
dition of ether with rapid stirring, filtered, washed with ether, and 
dried under vacuum to yield 29.5 g: Br, 1.22 % (0.076 mmol of Br/ 
g)-

3-Nitro-4-(bromomethyl)benzoylpoly(ethylene glycol) (IIIB).
3-Nitro-4-(bromomethyl)benzoic acid (13 g, 50 mmol) was added to 
polyethylene glycol) 6000 (30 g; containing a total of 10 mmol of 
hydroxyl groups) followed by DCC (10.5 g, 50 mmol) in 250 mL of 
dichloromethane. The reaction conditions and isolation of compound 
IIIB were the same as those previously described for compound IIIA: 
yield 29 g; Br, 2.25 % (0.141 mmol of Br/g).

Na- tert-Butyloxycar bonyl-L-alanyl- O-nitrobenzoylpoly- 
(ethylene glycol) (IVA). 3-Nitro-4-(bromomethyl)benzoylpoly- 
(ethylene glycol) IIIA (17 g) was dissolved in 70 mL of ethyl acetate, 
followed by 3.024 g (16 mmol) of N a-tert-butyloxycarbonyl-L-alan- 
ine and 2.08 g (16 mmol) of DEA. The reaction mixture was heated 
gently at reflux for 5 days. After cooling the solution to room tem
perature, 400 mL of ether was added and the precipitate was filtered 
and washed with ether until no traces of N a-tert-butyloxycarbonyl- 
L-alanine were detected by TLC on silica gel (solvent system A). Rf 
values for compound IVA and Afn-Boc-L-alanine were 0 and 0.56, 
respectively. The precipitate was dried in vacuo to give 17.05 g of 
compound IVA. The substitution of alanine on the support was 0.044 
mmol/g of compound IVA, as determined by quantitative amino acid 
analysis after a 36-h hydrolysis in 6 N HC1 at 110 °C. Compound IVA 
was deprotected as previously described to yield 17.0 g of compound 
VA.

Na- tert-Butyloxycarbonyl-L-alanyl-0 -nitrobenzoylpoly- 
(ethylene glycol) (IVB). The esterification of Boc-Ala (2.84 g, 15 
mmol) to 3-nitro-4-(bromomethyl)benzoylpoly(ethylene glycol) IIIB 
(15 g) was carried out in the presence of 1.94 g (15 mmol) of DEA using 
the same procedure as described for compound IVA. The substitution

of alanine on the support was 0.092 mmol/g of compound IVB, as 
determined by quantitative amino acid analysis. Compound IVB was 
deprotected as previously described to yield 14.7 g of compound 
VB.

JVa-tert-Butyloxycarbonyl-JVf-carbobenzoxy-L-lysyl-L-leu- 
cyl-y-benzyl-L-glutamyl-L-alanine (IX). Compound VIII (4.0 g, 
0.176 mmol) was dissolved in 20 mL of absolute methanol and cleaved 
from the support as previously described to yield 130 mg (95%) as 
determined by quantitative amino acid analysis. Further purification 
on Sephadex LH-20 gave compound IX: yield 100 mg (85%); mp
140-143 °C; Rf (system C) 0.86; NMR analysis in CDCl3-M e4Si (1%) 
showed 5 0.95 (6 H, multiplet, leucine methyls), 1.35 (3 H, doublet, 
alanine methyl), 1.43 (9 H, singlet, Boc methyls), 5.10 (4 H, singlet, 
methylenes of Bzl and Z), and 7.34 (10 H, singlet, aromatic). Amino 
acid analysis: Glu, 0.96; Ala, 1.02; Leu, 0.96; Lys, 1.05.

JV°- tert-Butyloxycarbonyi-lV'-carbobenzoxy-L-lysyl-L-leu- 
cy l-7-benzyl-L-glutamyl-L-alanyl-L-leucyl-y-benzyl-L-gluta- 
myl-L-alanine (XIV). Compound XIII (5.9 g, 0.26 mmol of peptide) 
was dissolved in 25 mL of absolute methanol and irradiated at a 
wavelength of 350 nm for 18 h as previously described. The yield ob
tained after photolysis was 265 mg (87%). The peptide was purified 
by Sephadex LH-20 chromatography to yield 186 mg (70%) of com
pound XIV: mp 218 °C; Rf (system A) 0.76, Rf (system B) 0.41; NMR 
analysis in CD3OD showed 5 0.92 (12 H, 2 doublets, leucine methyls),
1.38 (6 H, doublet, alanine methyls), 1.46 (9 H, singlet, Boc methyls),
5.10 (6 H, singlet, methylenes of Bzl and Z), and 7.34 (15 H, singlet, 
aromatic). Amino acid analysis: Glu, 2.07; Ala, 1.91; Leu, 2.02; Lys 
0.99.

/Va-tert-Butyloxycarbonyl-Ar'-carbobenzoxy-L-lysyl-L-al- 
anyl-y-benzyl-L-glutamyl-L-alanyl-L-leucyl-y-benzyl-L-glu- 
tamyl-L-alanine (XVII). Compound XVI (5.1 g, 0.224 mmol of 
peptide) was dissolved in 25 mL of absolute methanol and irradiated 
for 18 h, and compound XVII was isolated as previously described to 
yield 246 mg (96%). This product was purified by Sephadex LH-20 
chromatography to yield 186 mg (76%) of pure compound XVII: mp 
227 °C dec; Rf (system A) 0.79, Rf (system B) 0.42; NMR analysis in 
CD3OD showed <S 0.94 (6 H, 2 doublets, leucine methyls), 1.40 (9 H, 
doublet, alanine methyls), 1.46 (9 H, singlet, Boc methyls), 5.08 (6 H, 
singlet, methylenes of Bzl and Z), and 7.34 (15 H, singlet, aromatic). 
Amino acid analysis: Glu, 1.94; Ala, 2.99; Leu, 1.02; Lys, 1.05.

JV°- tert-Butyloxycarbonyl- N '-carbobenzoxy-L-lysyl-L-leu- 
cyl-7 -benzyl-L-glutamyl-L-alanyl-L-alanyl-7 -benzyl-L-glu- 
tamyl-L-alanine (XXIV). Compound XXIII (5.2 g, 0.48 mmol of 
peptide) was dissolved in 25 mL of absolute methanol and irradiated 
for 18 h, and compound XXIV was isolated as previously described 
to yield 482 mg (90%). This product was purified on Sephadex LH-20 
to yield 361 mg (74%) of pure compound XXIV: mp 227-230 °C dec; 
Rf (system A) 0.71, Rf (system B) 0.29; NMR analysis in CD3OD 
showed 6 0.95 (6 H, multiplet, leucine methyls, 1.32 (9 H, doublet, 
alanine methyls), 1.42 (9 H, singlet, Boc methyls), 4.81 (6 H, singlet, 
methylenes of Bzl and Z), and 7.3 (15 H, singlet, aromatic). Amino acid 
analysis: Glu, 2.01; Ala, 2.92; Leu, 1.01; Lys, 1.05.

Na- tert-Butyloxycarbonyl- JV'-carbobenzoxy-L-lysyl-L-al- 
anyl-7-benzyl-L-glutamyl-L-alanyl-L-alanyl-7 -benzyl-L-glu- 
tamyl-L-alanine (XXVII). Compound XXVI (6.7 g, 0.62 mmol of 
peptide) was dissolved in 25 mL of absolute methanol and irradiated 
for 18 h, and compound XXVII was isolated as previously described 
to yield 130 mg (19%). This product was purified on Sephadex LH-20 
to yield 84 mg (65%) of pure compound XXVII: mp 234 °C dec; Rf 
(system A) 0.78, Rf (system B) 0.36; NMR analysis in CD3OD showed 
6 1.38 (12 H, doublet, alanine methyls), 1.44 (9 H, singlet, Boc meth
yls), 5.10 (6 H, singlet, methylenes of Bzl and Z), and 7.42 (15 H, sin
glet, aromatic). Amino acid analysis: Glu, 2.05; Ala, 3.93; Lys, 1.02.

Registry No.—1,555715-03-2; II, 25322-68-3; III, 67316-51-2; IV, 
67271-86-7; V, 67315-52-0; VII, 67271-87-8; IX, 67271-88-9; XIII, 
67271-85-6; XIV, 67316-54-5; XVI, 67271-84-5; XVII, 67271-89-0; 
XXIII, 67316-52-3; XXIV, 67271-90-3; XXVI, 67271-83-4; XXVII, 
67271-91-4; BOC-Ala-Gly-Val-PEG, 67271-82-3; 4(bromomethyl)- 
benzoic acid, 6232-88-8; lV“ -tert-butyloxycarbonyl-L-alanine, 
15761-38-3; BOC-Leu-Ala-Gly-Val-OH, 61165-83-1.
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Rapid Removal of Protecting Groups from Peptides by Catalytic Transfer 
Hydrogenation with 1,4-Cyclohexadiene
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1,4-Cyclohexadiene is a very effective hydrogen donor for catalytic transfer hydrogenation. IV-Benzyloxycarbon- 
yl, benzyl ester, and benzyl ether (tyrosine) protecting groups can be rapidly removed at 25 °C with 1,4-cyclohexa- 
diene and 10% palladium-carbon catalyst. Removal of the ^""-benzyl group from histidine, the N g-nitro group 
from arginine, and the benzyl ether groups from serine and threonine can be carried out at 25 °C using palladium 
black as catalyst. Cleavage of N-benzyloxycarbonyl groups from sulfur-containing amino acids was also achieved 
by catalytic transfer hydrogenation with 1,4-cyclohexadiene. ierf-Butyl-derived protecting groups were completely 
stable under these conditions. The scope of the 1,4-cyclohexadiene-catalyzed transfer hydrogenation for the remov
al of benzyl-derived protecting groups used in peptide synthesis was examined.

Recent publications1’2 from two laboratories described 
the use of catalytic transfer hydrogenation for the removal of 
several benzyl-type protecting groups used in peptide syn
thesis. Good yields of homogeneous and nonracemized 
products were obtained when cyclohexene was used as hy
drogen donor at temperatures of >65 °C (refluxing methanol 
or ethanol). However, in certain cases, especially when tert- 
butyl-derived protecting groups are also present, the danger 
of thermal decomposition at elevated temperatures might 
discourage the use of catalytic transfer hydrogenation.

We have examined other hydrogen donors and now report 
that 1,4-cyclohexadiene is a much more effective donor and 
can be used to carry out catalytic transfer hydrogenations at 
25 °C in the presence of 10% palladium-charcoal. Under these 
conditions, removal of N - ben zy loxycar bonyl, benzyl ester, and 
tyrosine benzyl ether protecting groups was complete within 
2 h and good yields of analytically pure amino acids and 
peptides were obtained directly. The more efficient palla
dium-black catalyst was required for cleavage of the N im- 
benzyl group from histidine, iW-nitro group from arginine, 
and benzyl ether groups from serine and theonine at 25 °C. 
The scope of the catalytic transfer hydrogenation reaction was 
evaluated with respect to hydrogen donor, solvent, concen
tration, catalyst, and reaction temperature.

R e s u lts  a n d  D is c u s s io n

N a tu r e  o f  th e  D o n o r .  Catalytic transfer hydrogenation 
has been used for the reduction of a variety of functional 
groups (including olefins, acetylenes, ¡mines, hydrazones, azo, 
and nitro compounds).3 The availability and reactivity of 
cyclohexene have rendered this reagent a preferred hydrogen 
donor.4’5 The rapid disproportionation reported6 for 1,3- 
cyclohexadiene and 1,4-cyclohexadiene prompted us to ex
amine their effectiveness as hydrogen donors for the catalytic 
transfer hydrogenolysis of benzyl-derived protecting groups 
used in peptide synthesis. We observed that transfer hydro
genation of iV-benzyloxycarbonyl-L-alanine in ethanol at 25

°C in the presence of 10% palladium-carbon and 1,4-cyclo
hexadiene required only 1.5 h for complete deprotection. 
Under the same conditions, using 1,3-cyclohexadiene as the 
hydrogen donor, the required reaction time for complete re
moval of the benzyloxycarbonyl group was 8 h. When cyclo
hexene was used, there was no deprotection, even after 24 h 
at 25 °C.

Studies were also carried out to determine the excess of 
hydrogen donor required for optimum deprotection. An excess 
of 5-10 equiv of 1,4-cyclohexadiene (per protecting group) is 
ideal. The rate of transfer hydrogenolysis decreased sub
stantially when only 1 equiv of hydrogen donor was used. On 
the other hand, a large excess of 1,4-cyclohexadiene (50 equiv) 
produced only a marginal increase in the rate of reaction 
compared to that observed when 5-10 equiv were used.

S o lv e n t  a n d  C o n c e n t r a t io n . Most of the solvents em
ployed for catalytic hydrogenolysis of peptides are also useful 
for the catalytic transfer hydrogenation procedure. Glacial 
acetic acid was the most effective solvent. Transfer hydroge
nation of W-benzyloxycarbonyl-L-alanine at 25 °C in the 
presence of 10% palladium-carbon and 10 equiv of 1,4-cy
clohexadiene required only 45 min for complete deprotection 
in glacial acetic acid. Other solvents were also useful for 
transfer hydrogenation but required somewhat longer reaction 
times for complete deprotection: ethanol (1.5 h), dimethyl- 
acetamide (3 h), methanol (3.5 h), and dimethylformamide 
(5 h). The following solvents were impractical for catalytic 
transfer hydrogenation since only partial deprotection was 
observed at 25 °C even after prolonged periods of reaction: 
hexamethylphosphoramide, trifluoroethanol, phenol, triflu- 
oroacetic acid, tetrahydrofuran, dimethyl sulfoxide, and iso
propyl alcohol.

Literature1’2 reports on inhibition of catalytic transfer hy
drogenation by sulfur-containing amino acids are conflicting. 
We have observed that transfer hydrogenation in ethanol 
(using palladium-black catalyst) removed the A'-benzyloxy- 
carbonyl group from methionine, but not from S-benzylcys-

0022-3263/78/1943-4194$01.00/0 © 1978 American Chemical Society
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Table 1.1,4-Cyclohexadiene Catalyzed Transfer Hydrogenation of Protected Amino Acids and Peptides in EtOH
at 25 °C

substrate
registry

no. p ro d u ct“
registry

no.
y ield ,

% b
[of]25D, deg, fou n d  

standard

m p (°C ) 
found 

reported

Z -A la -O H 1142-20-7 Ala 56-41-7 95 13.35
13.4.5

(c 1.1, 5 N  HC1) 
(c  1.2, 5 N  HC1)

B o c -L y s (Z )-O H 2389-45-9 B oc-L ys-O H 13734-28-6 88 21.3
21.5

(c 2, M eO H ) 
(c 2, M eO H )

195-199.5
200 -20 1«

Z -S er-O B zl 21209-51-8 Ser 56-45-1 99 12.5
12.6

(c 2, 5 N  HC1)
(c 2.1, 5 N  HC1)

B o c -T y r (B z i)-O H 2130-96-3 B oc-T y r-O H 3978-80-1 100 43.2
41.6

(c 1, D M F )C 
(c 1, D M F p

206.5-208.5
2 1 1 -2 1 2 c'/l

Z -P h e -O H 1161-13-3 Phe 63-91-2 99 -5 .0 1
- 4 .4 8

(c 1, 5 N  HC1) 
(c 1, 5 N  HC1)

Z -M e t-O H 'i 1152-62-1 M et 63-68-3 83 22.7
23.2

(c 1, 5 N  HC1) 
(c 1, 5 N  HC1)

B oc-H isU V ‘ m-B z l)-O H <i 20898-44-6 B oc-H is-O H 17791-52-5 100 25.6
24

(c 1, M eO H ) 
(c  1, M eO H )

190 .5-192.5
191 -19 1 .5 '

Z -G ly -P ro -O H 1160-54-9 H -G ly -P ro -O H 704-15-4 99 -1 3 1 .6
-1 2 8 .1

(c 2, 5 N  HC1) 
(c 2, 5 N  H (T b

B oc-P h e-G ln -O B zl 67452-49-7 B oc-P h e -G ln -O H 67452-53-3 84 - 3 .1 6
-3 .2 8

(e 1.1, M eO H ) 
(c 1, M eO H F

116-120

Z -h y s (B o c ) -T h r (B u ‘ )-O M e 65895-38-7 H -L y s (B o e )-T h r(B u G -
O M e

65895-41-2 99 -1 .5 1 (c  1, M eO H )

Z -A rg lN O z l-P ro -P ro -O B u 1 67452-50-0 H -A rg -P ro -P ro -O B u ' 67452-54-4 99 -9 0 .1 (c 1, M eO H )
Z -L y s (B o c )-A sn -P h e -P h e -O M e f 53054-10-7 H -L y s (B o c ) - A sn -P h e  ~Phe- 

O M e
62437-66-5 85 -3 6 .0 (c 1, D M P ) 199-201

B o c -T y r (B z i)-L y s (Z )-L y s (Z )-
G ly -G lu (O B zl)-O B zl<,'e

67452-51-1 B o c -T  yr-L ys-L ys-G Iy -G lu - 
OH

67452-36-2 95 -1 .0 0 (c 1, D M P )

B o c -I]e -I le -L y s (Z )-A sn -A la -
T y r (B z l)-L y s (Z )-L y s (Z )-G ly -
G lu iO B z P -O B z l''*

67452-52-2 B oc-I le -I le -L y s -A sn -A la -
T y r -L y s -L y s -G ly -G lu -
OH

67452-37-3 79 - 3 .8 0 (c 0 .9 2 ,1  N  HC1)

a Satisfactory elem ental analyses have been  obta ined  for  all products. b N o  a ttem pt was m ade to  optim ize these y ie ld s .c D icyclohexylam m on ium  salt. d Tran sfer 
hydrogen ation  carried ou t w ith fresh ly  prepared  palladium  b la c k .e R ea ction  carried ou t  in glacial acetic acid , f  R ea ction  carried ou t in dim eth ylacetam ide. g R. 
Schw yzer, A . C ostopanagiotis, and P . S ieber, Helu. Chim. Acta, 4 6 ,8 7 0  (1963). h D. D . V an B aten berg  and K . E. T . K erling, Int. J. Pept. Protein Res., 8,1 (1976). 
1 B , 0 .  H artford , T . A . H ylton , K . W ang, and B. W einstein , J. Org. Chern., 3 3 ,4 2 5  (1968 ) . 3 J . M eien h ofer , u npublished  results. k T ran sfer  hydrogen ation  carried 
ou t for 20 h  at 25 °C .

teine, even in the presence of glacial acetic acid at elevated 
temperatures. Since liquid ammonia supports catalytic hy- 
drogenolysis of protecting groups of S-benzylcysteine and 
methionine-containing peptides,7 we examined the transfer 
hydrogenation using palladium black in refluxing liquid am
monia and observed that V-benzyloxycarbonyl groups are 
completely cleaved from methionine but only partially from
S-benzylcysteine.

Catalytic transfer hydrogenation proceeds at the rate de
scribed above when the concentrations of amino acid or pep
tide substrate are in the range of 0.05-0.25 mmol/mL. At lower 
concentration (<0.025 mmol/mL) the rate of reaction de
creases substantially. There was no significant advantage in 
working at higher concentration (>0.5 mmol/mL) and the heat 
generated from the exothermic reaction (following a short 
induction period) was not fully dissipated. We recommend 
the use of a very slow stream of nitrogen in a vibro-mixer re
action apparatus (Figure 1) for proper agitation and a 25 °C 
bath for temperature control. The vibro-mixer compared fa
vorably to magnetic stirring and reactions went to completion 
in almost half the time. Under the conditions outlined above 
the reaction mixtures remained at 25 °C for the course of the 
reaction. However, larger scale catalytic transfer hydrogena
tion reactions (>0.05 mol), even at concentrations of 0.05-0.25 
mmol/mL, required initial immersion in an ice bath to ensure 
dissipation of the heat generated during the addition of 1,4- 
cyclohexadiene.

E f fe c t  o f  C a ta lyst. Palladium catalysts have been reported 
to be most effective for transfer hydrogenation.8 Removal of 
a large number of benzyl-derived protecting groups has been 
carried out with a variety of amino acids and peptides. Table 
I shows examples of isolated products. V-Benzyloxycarbonyl, 
benzyl ester, and tyrosine benzyl ether protecting groups were 
removed at 25 °C using 10% palladium-charcoal within 1.5 
h. Freshly generated Raney nickel9 was completely ineffective 
even after prolonged reaction times. Other palladium catalysts 
were useful for transfer hydrogenation but required longer

reaction times for complete deprotection, e.g., 5% palla
dium-charcoal (2.5 h), 10% palladium-BaS0 4  (6 h), and 5% 
palladium-BaS0 4 (12 h). Freshly prepared palladium black 
is a much more active catalyst and cleavage of the V-benz- 
yloxycarbonyl group was complete within 5 min. This catalyst 
was required for the removal of the following more stable 
protective groups: histidine V im-benzyl, threonine and serine 
benzyl ether, methionine V-benzyloxycarbonyl, and V-[2- 
(p-biphenyl)-2-propyloxycarbonyl], Deprotection of the 
Vs-nitro group of arginine required the use of palladium black 
in glacial acetic acid.

A large excess of catalyst improved the rate of transfer hy
drogenation. We observed the optimal ratio of catalyst to 
substrate to be 1:1 by weight for each protecting group to be 
removed. Larger amounts of catalyst resulted in only minor 
improvement. However, the rate of transfer hydrogenation 
was significantly slower when smaller amounts of catalyst 
(catalyst: substrate < 0.5:1) were used.

E f fe c t  o f  T e m p e ra tu re . Temperature is a critical variable 
in catalytic transfer hydrogenation10 and depends on the 
nature of the hydrogen donor. The oxidation potential for
1,4-cyclohexadiene appears to be low and consequently the 
optimum temperature seems to be ~20 °C (see Table II). At 
temperatures below 20 °C the rate of deprotection of the
V-benzyloxycarbonyl group diminished rapidly. At higher 
temperatures the reaction time showed only marginal im
provement.

Thermal decomposition of certain peptides may occur when 
te r t -butyl derived protecting groups (including teri-butyl- 
oxycarbonyl, te r t -butyl ether, t e r t -butyl ester) are used. This 
can be a serious problem when reactions are carried out at 
elevated temperatures over a prolonged reaction time. Am
bient temperature is therefore particularly advantageous for 
catalytic transfer hydrogenation. Table I lists several examples 
of selective cleavage of benzyl-derived protecting groups in 
the presence of te r t -butyloxycarbonyl, t e r t -butyl ether, and 
tert-butyl ester functions. The catalytic transfer hydroge-
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Figure 1. Apparatus for catalytic transfer hydrogenation using vi- 
bromixing for uniform suspension of the catalyst throughout the re
action mixture and efficient nitrogen distribution.

nation procedure was successfully applied to the deblocking 
of a number of representative protected amino acids and 
peptides shown in Table I including a pentapeptide and de- 
capeptide with multiple benzyl-derived protecting groups.

Table II. Effect of Temperature on Catalytic Transfer 
____________________Hydrogenation °____________________

temp, °C________react time01________temp, °C react time6

0 incomplete (8 h) 25 1.5 h
10 4.5 h 30 1.0 h
20 1.5 h 35 40 min

“ Z-Ala-OH (0.25 mmol/mL EtOH); 10% Pd-C (catalyst:Z- 
Ala-OH, 1:1); 1,4-cyclohexadiene (10 equiv). 6 100% deprotec
tion.

agitation. The lower end of the rod was fitted with a split phlange (No. 
500-10134) which was immersed just below the surface of the reaction 
mixture. All the parts for the transfer hydrogenation system were 
purchased from Chemapec Inc. (Hoboken, N.J.).

Procedure for Catalytic Transfer Hydrogenation. The sub
strate (1.0 mmol) was dissolved in 4 mL of absolute ethanol placed 
in the 3 X 25-cm reaction vessel (see solvent concentration section for 
alternate solvents depending on solubility of substrate) and immersed 
in a water bath at 25 °C. A gentle stream of nitrogen was passed 
through the reaction mixture and thorough agitation was provided 
by the vibro-mixer. An equal weight of 10% palladium-carbon (per 
protecting group) was added followed by the addition of 1,4-cyclo
hexadiene (0.94 mL, 10.0 mmol). The reaction proceeded for a mini
mum of 2 h and the mixture was filtered (celite), washed with solvent 
(depending on the solubility of the product, a variety of solvents may 
be used, e.g., DMF, acetic acid, water), and evaporated under reduced 
pressure. Products were generally obtained in 90-100% yields.

Acknowledgments. The authors thank Dr. T. Williams 
for the NMR spectra and Dr. F. Scheidl for carrying out the 
microanalyses and optical rotations. Stimulating discussions 
with Dr. G. Buchi are gratefully acknowledged.

Experimental Section
1,4-Cyclohexadiene (Aldrich Chemical Co.) was kept refrigerated 

and used directly. All amino acids were of the L configuration and were 
either derivatized by standard methods or purchased from Bachem 
Inc. or Chemical Dynamics Corp. Dimethylformamide (reagent grade, 
Matheson Coleman and Bell) was distilled from ninhydrin and stored 
over molecular sieve. All other solvents were of reagent grade and used 
without purification. Melting points were determined on a Reichert 
hot-stage apparatus and are uncorrected. Optical rotations were 
measured in a jacketed 1-dm cell on a Perkin-Elmer Model 141 po- 
larimeter. NMR spectra were compatible for all products isolated. 
Palladium catalysts were obtained from Englehard Industries. Pal
ladium black was freshly generated and introduced directly into the 
reaction mixture using a syringe filter.11 The catalytic transfer hy
drogenations were carried out in a 3 X 25 cm reaction vessel (Figure 
1) connected by means of a standard taper 34/45 fitting to a Vibrator 
rod (Chemapec Inc., No. 500-10117). The rod was connected to a Vi- 
bromixer El (No. 500-10180) apparatus which was adjusted for proper

Registry No.— 1,4-Cyclohexadiene, 628-41-1.
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The kinetics of cytidine deamination in the presence of bisulfite were studied at elevated temperatures at pH 
6.55 and 7.30. The reaction was found to be second order in bisulfite ion. The activation enthalpy and entropy were 
determined. General base catalysis was observed in the presence of added bases. A mechanism is suggested which 
describes the kinetic properties of this reaction. By extrapolation of our data, the rate of deamination of cytidine 
by 10-4 M bisulfite within a cell, at 37 °C, has been estimated at 4.0 X 10-12 s-1.

The specific deamination of cytosine derivatives to those 
of uracil by bisulfite1'2’3 (for example, I -*■ VI, Scheme I) has 
been used as a synthetic method in nucleoside chemistry and 
as a means for the chemical modification of nucleic acids.4 
Treatment of viruses and bacteria by bisulfite induces 
mutations, which have been ascribed to cytosine deamination 
within DNA.5

In an earlier study, we described the principal mechanistic 
features of the reaction.6 Our data were primarily collected 
in acidic solution, in which the optimal rate of deamination 
is observed. One unresolved point of uncertainty was the na
ture of the buffer catalysis observed in the deamination step 
(IV —* V, Scheme I). In order to understand this step more 
fully, we have recently completed a study of the model com
pound, 1-methyl-5,6-dihydrocytosine.7

In our present work, we have conducted additional studies 
of the deamination of cytidine at neutral pH. With this data, 
and the conclusions from our model study, we can describe the 
deamination mechanism fully, and extrapolate the rate to 
physiological conditions. This information is necessary for an 
accurate estimate of the possible hazard of bisulfite as an 
environmental mutagen.8

R e s u lts

K in e t ic  O r d e r  o f  th e  R e a c t io n .  The kinetics of the bi
sulfite-catalyzed deamination of cytidine were measured at 
pH 6.55, p = 3.0 and 75 °C under pseudo-first-order conditions 
at several bisulfite concentrations. The results shown in Table 
I conform to a rate equation second order in bisulfite ion.9

tA t S  =  fcobsd803 = k W H S 0 3- ] st2 (1)

where k'sos = (2.08 ±  0.1) X 10~5 mol-1 s-1.
G e n e ra l B a se  C a ta lys is . When general-base catalysts were 

added to solutions of cytidine and bisulfite ion at pH 6.55 and 
7.30, p = 3.0, and 75 °C, an increase in the deamination rate 
was revealed, the overall reaction rate being described by the 
rate law

=  kobsd =  feso3[H S0 3-]sT 2

+  fe'B[HS03- ]sT[B]sT (2) 

When this increase in observed reaction rate,

( ¿ ]  d T  "  feW H S 0 3- ]s T 2) / [ H S 0 3-]s T

was combined with the known stoichiometric concentration 
of base, the catalytic effect of each general-base catalyst, k'p, 
was obtained.

In solutions of biphosphate and bisulfite ions, the observed 
“ biphosphate” or “ sulfite”  catalysis is due to the presence of 
two catalytic species, H2PO4“ and H P042~, or HS03_ and 
SC>32_. An adjustment can be made to the observed rate con
stants kp, for the minor catalytic effects of H2P 0 4~ and 
HSC>3~, so that a good estimate of the k ’s for HPO42- and 
SO32-  alone, (Is'b )a d j , can be made.10 A further correction for 
the actual concentration of free base present under experi
mental conditions11 is made in Table II, where the resulting 
values of fe'coR are compiled.

A c t iv a t io n  P a r a m e te r s . Rate constants for bisulfite- 
catalyzed deamination of cytidine were measured at elevated 
temperatures at pH 6.55 and 7.30, and the results are sum
marized in Table III. The activation parameters derived from

Scheme I. Mechanism of Bisulfite-Catalyzed 
Deamination of Cytidine
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T able I. Observed Catalytic C oefficients in Cytidine 
Deamination in the Presence o f  Bisulfite^

105 X fcobsd, 10s X k'B,
[H S O sisr [B ]s t S-1  a M- 2g-6

pH 6.55
0.75 1.03 ± 0.01
0.93 1.79 ± 0.03
1.0 2.08 ± 0.02

0.75 0.56 M imidazole 1.40 ± 0.02 0.66 ± 0.01
1.0 0.25 M H2PO4- 2.55 ± 0.02 1.88 ± 0.02
1.0 0.50 M H2P04- 3.15 ± 0.17 2.14 ± 0.10

pH 7.30
1.0 0.098 ± 0.01
1.0 0.40 M CH3CO2- 0.141 ± 0.006 0.108 ± 0.006
1.0 0.50 M imidazole 0.134 ± 0.005 0.072 ± 0.005
1.0 0.13 M HPO42- 0.109 ± 0.005 0.086 ± 0.06

a Estimated uncertainties in values of k are the standard der
ivations. b k’B = (fcobsd -  kobsdS°3)/([HSOg- ]st|B]st) as explained 
in the text. c g = 3.0, 75 °C.

this data were: pH 6.55, AH* = 4.1 ±  0.7 kcal/mol, AS* = —69 
±  2 eu; pH 7.30, AH* = 7.0 ±  0.5 kcal/mol, AS* = -6 6  ±  2 
eu.

D is c u s s io n

p H  D e p e n d e n c e  o f  R e a c t io n  R a te s . The cytidine deam
ination reaction in the presence of bisulfite was shown pre
viously to proceed through either a protonated (IV) or neutral
(II) intermediate (see Scheme I), depending on the experi
mental conditions.6 In the first case, a rapid equilibration 
between the species I, II, III, and IV is followed by the rate
determining reaction of the protonated intermediate, IV -*
V. In the second case, the rate-determining reaction of the 
intermediate, II V, follows its rapid preequilibrium for
mation, I - »  II. Since either step IV -»  V or II -*  V may be 
catalyzed by a base such as sulfite ion, the observation of 
second-order rate dependence on the stoichiometric bisulfite 
concentration as well as general base catalysis is consistent 
with either case. The lack of nucleophilic catalysis is demon
strated by the small ratio of catalytic coefficients for imidazole 
compared to monohydrogen phosphate ion,19 (k/q)im/ 
(k/q)h p o 42-  = 3-42 at pH 6.55.

The observed rate constant for this reaction in the presence 
of bisulfite alone, fc0bsdS° 3, as well as that for the increase in 
observed rate constant due to the presence of additional base 
catalysts, A0bsdB, exhibit a calculable dependence on pH. The 
results of these calculations are compared with experimental 
measurements in Table IV (see the Supplementary Material 
for the derivation of these calculations). Under the experi
mental conditions described here, the mechanism involving 
the protonated intermediate (IV ->- V) accurately predicts the

pH dependence of /e0bsdS° 3 and fcobsdB, while the alternative 
mechanism (1 -*  II -► V) is inconsistent with these results.

A c t iv a t io n  P a r a m e te r s . The enthalpies and entropies of 
activation measured for the bisulfite-catalyzed cytidine 
deamination differ significantly from those determined for 
the deamination of 1-methyl-5,6-dehydrocytosine, MDC7 
(AH* = 20.7 ±  0.8 kcal/mol, AS* = -11.0 ±  2.6 eu for the 
reaction in acidic media). The mechanism proposed here for 
cytidine deamination can account for these differences.

In the bisulfite-catalyzed cytidine deamination, interme
diate IV is formed in a rapid preequilibrium, and it is this 
species that is the equivalent of the protonated MDC, the 
reacting species under the conditions studied for MDC (pH
0.4). In the mechanism proposed for cytidine deamination, 
where IV —1- V is the slow step, the overall activation enthalpy 
(and entropy) is the sum of the enthalpies (and entropies) for 
steps I —► II (equilibrium), III IV (equilibrium), and IV —*•
V (kinetic). Based on earlier measurements6 of the tempera
ture dependence of the cytidine sulfonate adduct formation, 
an approximate estimate of AH° = —9.3 ±  4 kcal/mol, and 
AS° = —60 ±  20 eu can be made for transformation III -»• IV. 
The transformation equivalent to I —► III for cytidine18 has 
AH° = —4.4 kcal/mol and AS° — 5.0 eu. Therefore for the step 
IV -»■ V, the estimated parameters are AH* = 18 ±  5 kcal/mol 
and AS* = -14  ±  25 eu. When MDC deamination is com
pared with the kinetically equivalent step of cytidine deami
nation, the activation parameters are similar.

B r0 n ste d  R e la t io n s h ip . The relative rate constants of the 
general bases compared to sulfite ion can be shown to be equal 
to the equation

feobsdR/([H S03~]sT[B ]sT)
*obsdSOV [H S O ;r]ST2

/  & H B  \ / [ H +] +  K h s o 3\

M H * ]  +  K h b / V K  Hso3 '

The relative catalytic coefficients for the rate-determin
ing step of this mechanism, kB/kso3, can be calculated from 
the relative observed rate constants (see the Supplementary 
Material for the derivation). Values so obtained are presented 
in Table II. The Br^nsted relationship21 for the relative rate 
constants of the rate-determining step at pH 6.55, g = 3.0 and 
75 °C yields22

log (k/q) = (0.35 ±  0.07) [(pHa + log (p/q)\
-  (8.59 ±  0.47) (4)

Studies of the general-base-catalyzed deamination of 1- 
methyl-5,6-dihydrocytosine7 (37 °C, g = 1.0), which proceeds 
through a similar rate-determining step, yielded a d of 0.19 
±  0.03 for a series of bases including structural types similar 
to those used in the present study. The agreement between 
the values of /3 is good, considering the differences in experi-

Table II. G eneral-Base Catalysis in Cytidine Deam ination in the Presence o f  1 M B isulfite Ion e

base aa 106 X k'B 
M_1 s-1

106 X (k's)adi
s_16 ([H

K he/
*] + Khb)

IO6 X (¿'sicon
S“ 1

(k's)corC/ 
(k S0 3 2_)cor

S032- 6.37 20.8
pH 6.55

15.6 0.60 26.0 ± 0.3 1.00
imid 7.12 6.61 6.1 0.21 31.5 ± 0.5 1.21 ± 0.06
H P O 4 2- 6.27 20.1 18.1 0.65 27.8 ± 1.8 1.07 ±  0.08

SO32- 6.37 0.98
pH 7.30

0.93 0.90 1.01 ±  1 1.00
imid 7.12 0.72 0.72 0.60 1.20 ±  0.1 1.20 ±  0.10
h p o 42- 6.27 0.86 0.84 0.915 0.94 ± 0.7 0.94 è  0.23
CH3CO2- 4.76 1.08 1.08 0.997 1.08 ± 0.08 1.08 ± 0.09

a pK estimates for these experimental conditions based on extrapolations of the best literature values,12-18 estimated error limits 
are ± 0.05. 6 Adjustment made for the catalytic contribution of conjugate acids, H 2P 0 4~ and HSC>3~, as explained in the text. c (k'B)cor 
-  (& 'B )a d j ( [H + ] + K h b ) / K h b - d Average of two measurements, see Table 1. e g = 3.0, 75 °C.
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Table III. Tem perature D ependence o f Cytidine 
Deamination Rate Constants in the Presence o f  1 M 

B isu lfite0

Table IV. Dependence o f Cytidine Deam ination Rate 
Constants on pH in the Presence o f  1 M  Sulfite and Added 

Bases

temp, °C
105 X fcobsd, s "1 

(pH 6.55)
IO7 X feobsd. s 

(pH 7.30) experimental
f(fe'B)6.55/(fc'B)7.3o|a

calculated ratio*’0
55.5 1.31 ±  0.07 5.29 ±  0.30 base ratio case 1 case 2

64.5 1.49 ±  0.04 6.55 ±  0.06 S 0 32- 17.7 ±  1.1 15.1 ±  2.0 2.6 ±  0.3
75.0 2.08 ±  0.09 9.80 ±  0.60 imidazole 9.2 ±  0.04 7.7 ±  1.0 1.3 ±  0.2
86.0 2.42 ±  0.22 14.1 ±  0.30 h p o 42- 21.5 ±  7.5 16.8 ±  2.0 2.8 ±  0.3

M = 3.0. a k' B = feobsdS° 3/ [ H S 0 3- ]st2 for SO32- and fe0bsd^

mental conditions and the uncertainties involved in the esti
mate of (3 for cytidine.

R e a c t io n  M e c h a n is m . The mechanism presented in 
Scheme I is consistent with the kinetic order of the reaction, 
rate dependence on pH, general-base catalysis, absence of 
nucleophilic catalysis, lack of general-acid catalysis,6 solvent 
isotope effect,6 and activation parameters.

Although the details of transformation IV -*• V have not 
been examined, this process probably occurs through a tet
rahedral intermediate (2a) similar to the mechanism proposed

, _ V
[HS03 ] s t [B ]s t  for imidazole and HP042 . These are the ap
parent third-order rate constants corrected for pH to reflect true 
concentrations of reactive forms; 6.55 and 7.30 are the pH values
for the respective determination of k\obsd- ’ See Appendix in
supplementary material for the basis of these calculations. 1 
1 and 2 as described in the text. d m = 3.0, 75 °C.

Case

fcobsd = [HSOa ]sTfeobsd3° 3([HS03 ]st + £  [B/]st) (5)
i

(see the Supplementary Material for the derivation). Ex
trapolation from rate data at elevated temperatures yields

R

3

a, R = (3-D-ribofuranosyl; R' = S 0 3"
b, R = CH3;R ’ = H

for the deamination of 1 -methyl-5,6-dihydrocytosine ( l b  — 
2 b  —  3b ) and similar amidines.7 The rate-determining step 
of this mechanism is thought to be either the formation of 
intermediate 2, or the reaction of the protonated form with 
which it is in equilibrium under the experimental conditions
(4). These processes could occur through transition states VII

H ,N  O H

■ X
O ^ I V ' R '

R
4

or VIII, respectively.

R  H

I I
R '— C - ^ K > ; - H — - B -  

N H ,

V II

R

R'— C— Or--H.....B

* N H :j

V I I I

T h e  R a te  o f  C y t id in e  D e a m in a t io n  o f  B is u l f i t e  u n d e r  
P h y s io lo g ic a l  C o n d it io n s . It can be shown that in the pres
ence of general base, the rate of cytidine deamination pro
ceeding through intermediate IV can be approximately de
scribed by the following rate constant (eq 5)

kobsdS° 3 = 2.5 X 10 7 mol 2 s- 1
for 37 °C, pH 7.30, M = 3.0.

In order to estimate the rate of deamination within a living 
cell, we must introduce into eq 5 the total concentration of 
bases within the cell, ^ ,[B ;]st- This has been estimated as
0.16 M (n = 0.16).-’« 25

Thus the physiological deamination rate of cytidine by bi
sulfite in vivo at 10~4 M bisulfite can be estimated at 4.0 X 
10~12 s_1, while at 10~6 M bisulfite it would be 4.0 X 10" 14 s_I. 
The significance of this data for questions of environmental 
mutagenesis will be discussed elsewhere.

E x p e r im e n ta l  S e c t io n

Materials and Apparatus. Schwartz Mann cytidine and com
mercially available reagent grade chemicals were used. Imidazole was 
recrystallized from benzene three times before use (mp 88.5-89.0 °C; 
lit. 90-91 °C). Water was doubly distilled in Pyrex vessels and deox- 
ygenated with nitrogen. For reactions in the presence of sulfite ion,
10-3 M hydroquinine was added as a radical inhibitor.

Apparatus. Ultraviolet absorbance measurements were recorded 
on a Cary 15 recording spectrophotometer. pH measurements were 
made at various temperatures on a Radiometer Model 22 pH meter 
equipped with a glass electrode which had been precalibrated with 
pH standard solutions at the temperatures of measurement. pH values 
are ±0.02.

Kinetics of Cytidine Deamination. Ampules (2 mL) sealed with 
rubber septum caps were filled with reaction mixtures buffered to the 
desired pH at appropriate temperatures and kept in a constant 
temperature bath regulated to ±0.1 °C. Temperatures were measured 
with a thermometer calibrated by the National Bureau of Standards. 
Samples (50 ¿¡L) were removed with a syringe and stored in pH 11.5 
buffer solution of 0.2 M Na2HP04 for at least 24 h. The relative con
centrations of the reactant (cytidine) and product (uridine) were 
calculated for each sample from the observed absorbances at 270 and 
280 nm by means of the formulas, [Uridine] = (A270 -  1.21A28o)/3044; 
[Cytidine] = (2.39 A2so -  A27o)/8805. A plot of log xcyt against time 
was analyzed by the method of least squares on a Hewlett Packard 
3000 computer. Estimated errors in k are the standard deviations of 
the slopes for these kinetic plots. Catalytic coefficients of general bases 
were obtained by rate measurements in aqueous buffers kept at 
constant pH. Ionic strength was held constant by the addition of so
dium chloride.
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Fluorinated Pyrimidine Nucleosides. 2.1 Reaction of 
2,2'-Anhydro-1 -/3-D-arabinofuranosyl-5-fluorocytosine Hydrochloride 

with Nitrogen and Sulfur Nucleophiles
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Reaction of 2,2'-anhydro-l-/3-D-arabinofuranosyl-5-f]uorocytosine hydrochloride (1, anhydro-ara-FC) with am
monia gave l-d-D-arabinofuranosyl-2,4-diamino-5-fluoropyrimidinium chloride (2) by attack at C2 of the pyrimi
dine ring. Reaction of 1 with methylamine gave the corresponding 2-methylamino derivative 3, which was rapidly 
converted into the 2,4-bis(methylamino)arabinoside 4 by amine exchange at C4. Treatment of 1 with ethylamine 
or n-propylamine similarly produced the corresponding 2,4-bis(alkylamino) derivatives 14 and 15. Reaction of 1, 
2, or 4 with methylamine for a prolonged reaction period resulted in rearrangement with loss of the sugar moiety 
to produce 2-amino-5-fluoro-l-methyl-4-methyliminopyrimidine hydrohalide (9), the structure of which was con
firmed by X-ray crystallography. The reaction of 1 with 15N-enriched ammonia was examined; in addition to C2 
attack and amine exchange at C4, evidence was found for incorporation of 16N into the pyrimidine ring. Reaction 
of 1 with sodium hydrosulfide or hydrogen sulfide induced defluorination without cleavage of the anhydro bond 
to give 2,2'-anhydro-l-/3-D-arabinofuranosylcytosine (21); the oxazolidinethione 22 was also isolated as a bypro
duct. Treatment of the corresponding sulfur- and nitrogen-bridged analogues 23 and 26 with sodium hydrosulfide 
also produced the corresponding defluorinated anhydro nucleosides 25 and 27.

2,2'-Anhydr()-l-/3-D-arabinofuranosyl-5-Huorocytosine 
hydrochloride (1, anhydro-ara-PC; Scheme I), a compound 
first synthesized by Fox et al.,2 has been shown by Burchenal 
et al.3 to be a promising new agent for the treatment of acute 
myeloblastic leukemia. As part of a synthetic program in the 
area of fluorinated pyrimidine nucleosides, we have employed 
anhydro-ara-FC as starting material for the preparation of 
some 5-fluoropyrimidine nucleosides with potential antitumor 
activity. The reactions of nitrogen and sulfur nucleophiles 
form the basis for this report.

Reaction of anhydro-ara-FC (1) with methanolic ammonia 
yielded the highly crystalline 2,4-diamino-5-fluoropyrimidine 
arabinoside 2 by reaction at C2 of the pyrimidine ring.4 This 
reaction is to be expected since Doerr and Fox have previously

0022-3263/78/1943-4200$01.00/0

shown that the corresponding unfluorinated analogue 1-/3- 
D-arabinofuranosyl-2,4-diaminopyrimidinium chloride was 
produced by the reaction of 2,2'-anhydro-l-/3-D-arabinofu- 
ranosylcytosine with ammonia.5 Although difficulty was ex
perienced by Doerr and Fox in the isolation of the unfluo
rinated analogue due to the hygroscopic nature of the salt, 
together with its propensity for recrystallization to the 2,2'- 
anhydro compound, the hydrochloride salt of 2, in contrast, 
was found to be stable indefinitely at room temperature. In 
aqueous solution, 2 was found to be much less stable; storage 
of a solution for 4 days at room temperature resulted in almost 
complete conversion to arabinosyl-5-fluorocytosine. A small 
amount of a byproduct was isolated from the reaction of 1 with 
ammonia; this was identified as 2-amino-/3-D-arabinofu-

© 1978 American Chemical Society
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Scheme I

2 R - H 4 R|.R2 = CH3 10
3 R = ch3 II R, = H, r2= ch3

14 R|,R2=C2H5
15 R|,R2 : CH3CH2CH2

7 R = H 
13 R=CH3

rano[T,2':4,5]-2-oxazoline and was found to be identical with 
a sample prepared from D-arabinose and cyanamide by the 
method of Shannahoff and Sanchez.6 This oxazoline was 
previously isolated by Fox and Otter7 from the reaction of 1 
with sodium hydroxide and presumably arose from degrada
tion of the pyrimidine ring of 1 while preserving the 2,2'- 
anhydro linkage intact.

Our attention was next focused on the reaction of 1 with 
methylamine. Reaction with 3 equiv in methanol at room 
temperature gave initially the arabinosyl-2-methylamino- 
pyrimidine 3 as expected. This compound, however, was 
rapidly converted by excess methylamine into the 2,4- 
bis(methylamino)pyrimidine nucleoside 4; after only 15 min 
at room temperature, the latter was found to be the major 
product. Thus, an extremely facile amine exchange reaction 
had apparently taken place at C4 in addition to the expected 
attack of methylamine at C2. The presence of two methyl- 
amino functions in 4 was particularly evident from an exam
ination of its NMR spectrum; two three-proton doublets at 
6 2.91 and 3.00 due to two CH3NH- functions both collapsed 
to singlets on addition of D20.

Further experiments were carried out to examine this amine 
exchange reaction at C4 in more detail; reaction of 1 with only 
1 equiv of methylamine gave, after 10 min, a complex mixture 
of starting material, monomethyl compound 3, and dimethyl 
compound 4 in a ratio of approximately 3:3:1. After 40 min, 
the monomethyl derivative 3 was found to be the main prod
uct, with substantial amounts of 1 and 4 present; 3 could be 
isolated with difficulty by conversion into its picrate salt and 
characterized by its NMR spectrum, which revealed only one 
doublet (5 2.87) due to one CH3NH functionality. Reaction 
of a sample of 3 with methylamine also produced the dimethyl 
compound 4, thus implicating 3 as the probable intermediate 
in the conversion of 1 to 4.

The reactivity of the C4 position in this series of compounds 
is in distinct contrast to the results obtained by the reaction 
of 5-fluorocytidine with methylamine in methanol; even after 
96 h at room temperature in the presence of 9 equiv of me
thylamine, no reaction was detected.

A pyrimidine byproduct was obtained from the reaction of

6

1 with methylamine and was isolated as the hydrochloride. An 
analysis of its NMR spectrum revealed one three-proton 
doublet at 5 2.88 due to a CH3NH group and a broad ex
changeable two-proton singlet at 0 8.55 due to a primary amino 
group in addition to signals due to the CH=CF and NH pro
tons. This material was designated as 4-amino-5-fluoro-2- 
methylaminopyrimidine hydrochloride (5 ), the formation of 
which could be accounted for by attack of methylamine on 1 
followed by aminolysis of the nucleoside 3 or by acidic hy
drolysis of 3 during the preparation of the picrate. Since 
physicochemical methods were unable to determine the exact 
location of the methyl group, confirmation of the structural 
assignment of 5 was obtained by an alternate synthesis. Re
action of 2,4-dichloro-5-fluoropyrimidine 6 with ammonia as 
previously reported8 gave 4-amino-2-chloro-5-fluoropyrimi- 
dine 7; treatment of 7 with methylamine for 75 h at room 
temperature in a stainless steel bomb induced nucleophilic 
displacement of the relatively unreactive 2-chloro substituent, 
and 5 was obtained in 21% yield. This material proved to be 
identical with the sample obtained from the reaction of 1 with 
methylamine.

Compound 1 was also treated with methylamine for a pro
longed reaction period (2-3 days), and thin-layer chromato
graphic analysis of the reaction mixture indicated the com
plete absence of 1 and 4 with the formation of a new product 
which was subsequently isolated in crystalline form as the 
picrate and as the hydrochloride. The latter gave a correct 
elemental analysis for a dimethylpyrimidine of empirical 
formula C6H10C1FN4. The most likely structure to be expected 
from such a reaction would be 2,4-bis(methylamino)-5-fluo- 
ropyrimidine hydrochloride 8, the formation of which could 
be explained by aminolysis of the dimethylated nucleoside 4. 
Compound 4 therefore was synthesized by an unambiguous 
route by reaction of 6 with anhydrous methylamine at room 
temperature in a stainless steel bomb. This material, however, 
proved to be different from the dimethyl derivative obtained 
from the reaction of 1 with methylamine. Moreover, a com
parison of the NMR data of these two compounds indicated 
that 8, when isolated as the picrate, revealed the presence of 
two three-proton doublets at ca. 5 2.9 due to two CH3NH
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groups, which on addition of D20  collapsed to two singlets. 
The picrate of the dimethylpyrimidine obtained from the 
reaction of 1 with methylamine, on the other hand, revealed 
the presence of only one doublet at 5 2.93 due to one CH3NH 
function, but a three-proton singlet at lower field suggested 
the presence of an uncoupled N-methyl group, presumably 
located directly on the pyrimidine ring. Since NMR and UV 
studies were unable to determine the exact location of the two 
methyl groups, an X-ray crystallographic analysis of the hy
drobromide was carried out. The structure was thus revealed 
to be 2-amino-5-fluoro-l-methyl-4-methyliminopyrimidine 
hydrohalide (9).

The formation of this compound can be rationalized as 
follows: (a) formation of the bis(methylamino)pyrimidine 
arabinoside 4 by attack at C2 and C4 as previously discussed,
(b) Dimroth rearrangement of 4 to the glycosylamine 10 
during which the sugar is transferred to the exocyclic nitrogen, 
and (c) attack of methylamine at Ci of the sugar moiety to give 
the 1-methylpyrimidine 9. Dimroth rearrangement of 1- 
alkyl-2-alkyliminopyrimidines has been well documented,9 
and the rearrangement of 4 can be considered as a nucleoside 
example of this class of reactions. Since the normal driving 
force for the Dimroth rearrangement, i.e., the production of 
a formally aromatic ring, is absent in this example, 4 would 
be expected to undergo rearrangement to produce a mixture 
of isomers in a ratio controlled by steric and/or electronic 
factors; in cases where the two alkyl groups are electronically 
similar, the equilibrium favors the isomer bearing the bulky 
substituent on the exocyclic nitrogen. Thus, the equilibrium 
for the Dimroth rearrangement of 4 would be expected to favor 
the formation of 10 in which the bulky sugar substituent is in 
the exocyclic N2 position. The glycosylamine 10 would then 
be expected to undergo attack by methylamine at the C\ atom 
with the formation of the 1-methylpyrimidine 9. The overall 
yield of 9 from 1 was found to be 44% by direct cyrstallization 
of the picrate.

In order to demonstrate the intermediacy of the 2,4- 
bis(methylamino)arabinosyl nucleoside (4) in this scheme, 
4 was directly treated with methylamine under essentially the 
same reaction conditions as for 1. A thin-layer chromato
graphic examination of the reaction mixture revealed the 
presence of two products; the major product proved to be 
chromatographically identical with the l-methyl-4-methyli- 
minopyrimidine 9, and the minor component corresponded 
to the 2,4-bis(methylamino)pyrimidine 8. The mixture was 
resolved by column chromatography on silica, and 9 and 8 
were isolated as their picrate salts in yields of 54 and 2.5%, 
respectively. This latter material could have been produced 
either by Dimroth rearrangement of the 1-methylpyrimidine 
9 in the presence of methylamine or by direct aminolysis of 
the nucleoside 4. Since direct treatment of 9 with methylamine 
failed to produce 8, the latter was presumably produced by 
aminolysis of the bis(methylamino) nucleoside 4. Exposure 
of 8 to methylamine similarly failed to produce any trace of 
9, providing further evidence that the Dimroth rearrangement 
to produce 9 occurred at the nucleoside level rather than the 
pyrimidine level. In contrast, acidic hydrolysis of 4 produced 
8 as the only UV-absorbing product; the physicochemical 
characteristics of the picrate of 8 proved to be identical with 
the material previously obtained by the reaction of 2,4-di- 
chloro-5-fluoropyrimidine (6) with methylamine.

Reaction of l-/3-D-arabinofuranosyl-2,4-diamino-5-fluo- 
ropyrimidine (2) with methylamine for 1 h produced a new 
compound which was not isolated in pure form, but which was 
tentatively assigned to be the 4-methylamino nucleoside 11, 
obtained by amine exchange at C4. The reaction mixture was 
hydrolyzed with hot aqueous picric acid to give a new mono
methyl pyrimidine which was isomeric with but different from 
the 2-methylaminopyrimidine 5; its structure was therefore

deduced to be 2-amino-5-fluoro-4-methylaminopyrimidine
(12). The NMR signal for the methyl group in the free base 
or the hydrochloride appeared as a three-proton doublet in 
the 5 2.8 region, thus confirming the presence of the CH3NH 
function rather than a methyl group located on the pyrimidine 
ring. The structure of 12 was confirmed by synthesis from 6; 
reaction with methylamine in methanol overnight at 5 °C gave 
2-chloro-5-fluoro-4-methylaminopyrimidine (13), from which 
12 was obtained by reaction with ammonia at elevated tem
perature and pressure. Prolonged reaction of the diamino 
nucleoside 2 with methylamine (for 2 days) introduced two 
methyl groups into the pyrimidine ring, and l-methyl-4- 
methyliminopyrimidine 9 was produced as the major product, 
isolated as the picrate in 31% yield. The formation of 9 from 
2 can be explained on the basis of (a) amine exchange at both 
C2 and C4 to give the bis(methylamino)pyrimidine 4, and (b) 
Dimroth rearrangement of 4 via the intermediate 10 as pre
viously discussed. The bis(methylamino) nucleoside 4 was in 
fact isolated in small quantities from the reaction mixture, 
thus providing support for the intermediacy of this compound 
in the conversion of 2 to 9. The isolation of the dimethylamino 
nucleoside 4 demonstrates that amine exchange at C2 is ex
perimentally possible; amine exchange at C4 has previously 
been discussed.

Reactions of anhydro-ara-FC with other amines were also 
briefly studied. Reaction with excess ethylamine gave the
2,4-bis(ethylamino) compound 14, and, similarly, reaction 
with n-propylamine gave the di-n-propyl derivative 15; with 
the conditions employed (5 equiv of amine in methanol, 25 °C, 
15 min), starting material was completely consumed and no 
degradation of the nucleoside linkage was detected. Reaction 
of 1 with dimethylamine was less successful; after treatment 
with 6 equiv for 40 min, a complex mixture was obtained, from 
which no crystalline products could be isolated.

The reactivity of C4 in this series of compounds prompted 
us to examine the reaction of anhydro-ara-FC with 15N-en- 
riched ammonia. Using 6 equiv of 99% 15N-enriched ammonia, 
a reaction with 1 was carried out for 3 h at 25 °C; under these 
conditions, only the diamino nucleoside could be detected by 
TLC. The extent of reaction of 15NHs at C4, in addition to 
attack at C2, was calculated by mass spectrometry;10 although 
the molecular ion for the nucleoside was not detected, the 
peaks derived from the 2,4-diamino-5-fluoropyrimidine 
fragment were observed. A comparison of the relative pro
portions of these peaks at m/e 129 and 130 as compared with 
those obtained from unenriched material gave an indication 
of the extent of incorporation of a second molecule of 15NH3 
in addition to incorporation at C2. These experiments indi
cated that incorporation of a second molecule of 15NH3 had 
occurred to the extent of 22%. In addition, a small peak at m/e 
131 indicated that a small percentage (1%) of incorporation 
of a third atom of 15N had taken place.

In order to determine the extent of 15N incorporation into 
the pyrimidine ring, in addition to the exocyclic amino groups, 
a sample of the diamino nucleoside obtained by treatment of 
anhydro-ara-FC with 15N-enriched ammonia was hydrolyzed 
and deaminated using sodium nitrite in aqueous hydrochloric 
acid to produce 5-fluorouracil. This sample was analyzed by 
mass spectrometry and again compared with a sample of un- 
enriched material. By this method it was determined that 15N 
had been incorporated into the pyrimidine ring to the extent 
of about 6%, in addition to incorporation at the exocyclic 
amino groups. One suggested mechanism for ring incorpora
tion of 15N is illustrated in Scheme II. Initial attack by 15NH3 
would produce the singly labeled species 16, and attack of a 
second molecule of 15NH3 on C4 followed by ring opening 
would produce an amidine such as 17. This molecule is capable 
of recyclization so that an 15N atom is incorporated into the 
N3 position of the pyrimidine ring to give 18. The exocyclic
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Scheme II

19

amino groups of 18 would contain either 14N or 15N atoms, 
depending upon the direction of ring closure and whether 
subsequent exchange reactions had taken place. This reaction 
can be considered as another nucleoside example of the 
Dimroth rearrangement. Subsequent degradation of 18 with 
sodium nitrite/hydrochloric acid would lead to the production 
of [15N]-5-fluorouracil (19).

A second series of reactions was carried out by reaction of 
anhydro-ara-FC (1) and analogues with sodium hydrosulfide 
or hydrogen sulfide. It was anticipated at the outset that re
action of the sulfur nucleophile would take place at C2 to yield 
2-thio-ara-FC (20; Scheme III). Reaction of 1 with 1.4 equiv 
of sodium hydrosulfide did not lead to the expected 2- 
thioarabinoside, but instead yielded the defluorinated 
anhydro nucleoside 21 in a yield of 49%. Reaction of 1 with 
hydrogen sulfide was carried out in DMF as solvent in the 
presence of triethylamine. After 9 h at room temperature, a 
considerable amount of starting material was still present, but 
a small amount (5%) of defluorinated anhydro nucleoside 
21 was again isolated; in addition, a new product was obtained. 
This latter material, which was formulated as the oxazoli- 
dinethione 22, was presumably produced by reaction of hy
drogen sulfide at C2 followed by degradation of the pyrimidine 
ring in preference to the 2,2'-anhydro linkage. The preparation 
of 22 from D-arabinose has previously been described by 
Ranganathan,11 although no analytical data were given. Thus,

NH2

OH OH
24

Scheme IV

2 3  R--S
26 R-KH

2 5  R*s 
2 7  R=NH

the 2,2'-anhydro bond, which has previously been shown to 
be quite labile under alkaline conditions,7 is remarkably stable 
toward sodium hydrosulfide or hydrogen sulfide. The inability 
of these sulfur nucleophiles to form 20 may be a reflection of 
the fact that although the SH~ ion is strongly nucleophilic, 
the sulfur atom forms the C =S bond with reluctance as 
compared with C = 0 .

The formation of the defluorinated anhydro nucleoside was 
not anticipated, even though there is some precedent for de- 
bromination of bromouracil derivatives under similar condi
tions. Szabo, Kalman, and Bardos, for example, have reported 
that reaction of l-methyl-5-bromouracil with sodium hy
drosulfide gave 1-methyluracil.12 Deuterium exchange studies 
led these workers to propose a mechanism of addition, fol
lowed by displacement of the bromo substituent by hydro
sulfide ion and subsequent elimination; such a mechanism 
would seem to be applicable to the defluorination reaction, 
although we have not studied the mechanistic aspects of this 
reaction. Other workers have described the debromination of
5-bromouracil with either cysteine13 or sodium bisulfite,14 and 
the enzyme thymidylate synthetase has also been reported to 
catalyze debromination of 5-bromo-2'-deoxyuridylate, al
though the corresponding 5-chloro and 5-fluoro nucleotides 
were not dehalogenated under the same conditions.15 Deflu
orination has also been observed as a side reaction in the 
aminolysis of 5-fluoro-4-thiopyrimidine nucleosides.16

We have also studied this defluorination reaction using 
analogues of anhydro-ara-FC in which the oxygen of the 
2,2'-anhydro bridge was replaced by sulfur or nitrogen. The 
sulfur analogue 23 (Scheme IV) was synthesized in a con
ventional manner17 by reaction of acetoxyisobutyryl chloride 
with 2-thio-5-fluorocytidine (24). The latter compound was 
in turn prepared by reaction of the silyl derivative of 2-thio-
5-fluorocytosine with l-0-acetyl-2,3,5-tri-0-benzoyl-D-ri- 
bofuranose using the silyl procedure of Vorbriiggen and 
Strehlke.18 Reaction of 23 with sodium hydrosulfide (2.6 
equiv) for 3 h at room temperature did produce the defluo
rinated anhydro nucleoside 25, a compound which has been 
previously synthesized by Russell et al.17

The first paper in this series dealt with the synthesis of the 
nitrogen-bridged analogue 26. Treatment of a small sample 
of this compound with sodium hydrosulfide gave as the major 
product a compound with the same chromatographic prop
erties as the defluorinated analogue 27;19 insufficient material 
was available for a rigorous characterization. The facility with 
which these anhydro nucleosides undergo defluorination 
prompted an examination of a reaction of 5-fluorocytidine 
with sodium hydrosulfide; even after a prolonged reaction 
time (3 days at room temperature), no evidence for defluo
rination could be detected. The lability of the 5-fluoro sub
stituent therefore seems to be particularly enhanced in the 
anhydro series.

Experimental Section
General. Melting points were determined using a Thomas-Hoover 

apparatus and are uncorrected. NMR spectra were obtained using 
either a Varian XL-100 or HA-100 spectrometer and IR spectra with 
either a Perkin-Elmer 621 or a Beckman IR-9 instrument. UV spectra 
were obtained using a Cary Model 14 recording spectrometer.
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l-/3-D-Arabinofuranosyl-2,4-diamino-5-fluoropyrimidin- 
ium Chloride (2). A suspension of anhydro-ara-FC (1; 20 g) in 
methanolic ammonia (25 mL, saturated) was stirred at room tem
perature for 20 min. During this time the starting material dissolved 
and a crystalline precipitate was formed. At this point 2-propanol (400 
mL) was added and the suspension was stored at 0 °C for 1 h. The 
crystals were collected by filtration, washed with 2-propanol, and 
dried in vacuo to give 2 :16.2 g (76%); mp 175-176 °C dec; UV (H2O) 
Amax 205-206 nm (t 18 000), 235-237 (11 000), 274-276 (7450); NMR 
(D20 ) 6 4.6 (m, 4, C3' H, C4' H, CH2), 5.13 (d, 1, C2' H), 6.55 (q, 1, C f 
H), 8.85 (d, 1, CHCF). Anal. Calcd for C9H14CIFN4O4: C, 36.43; H, 
4.76; N, 18.88; F, 6.40. Found: C, 36.70; H, 4.87; N, 19.24; F, 6.78.

The liquors were evaporated to ca. 100 mL, and on storage crystals 
of 2-amino-/3-D-arabinofurano[l',2':4,5]-2-oxazoline were deposited,
2.6 g (21%). Recrystallization from methanol gave pure material, mp
177-178 °C (lit.6 mp 175-176 °C).

1 -/?-l)-Arabinofuranosyl-4-amino-5-fluoro-2-mcthylamino- 
pyrimidinium Picrate (3). A suspension of 1 (629 mg) in methanolic 
methylamine (4.5 M, 0.5 mL) was stirred at room temperature for 5 
h. The residual solid was removed by filtration, and the filtrate was 
evaporated to dryness and treated with aqueous picric acid (30 mL, 
saturated). After storage at room temperature overnight, the crystals 
were collected and recrystallized from water (10 mL) to give 3, 352 
mg (31%), as the hemihydrate: mp 95-103 °C (indefinite); NMR 
(Me2SO-d6) S 2.87 (d. 3, CH3NH). Anal. Calcd for C16H18FN7Oir  
0.5H2O: C, 37.51; H, 3.74; F, 3.71; N, 19.14. Found: C, 37.32; H, 3.66; 
F, 3.68; N, 18.91.

l-/S-D-Arabinofuranosyl-5-fluoro-2,4-bis(methylamino)- 
pyrimidinium Chloride (4). A suspension of anhydro-ara-FC (1; 3 
g) in methanol (50 mL) containing methylamine (1 g) was stirred at 
room temperature for 15 min. The solution was evaporated to dryness 
and dried in vacuo for 2 h, and aqueous picric acid (saturated, 190 mL) 
was added. After 1 h at 0 °C, the crystals were collected by filtration 
and the liquors were concentrated to ca. 40 mL and cooled to 0 °C. 
This procedure yielded a second batch of picrate (total 3.27 g, 59%). 
A sample was recrystallized from water: mp 78 °C (indefinite); UV 
(MeOH) \max 213 nm (e 34 400), 284 (9400), 355 (14 900); NMR 
(Me2SO-d6) S 2.89 (d, 3, CH3NH), 2.97 (d, 3, CH3NH), 5.91 (d, 1, <Y 
H), 8.12 (m, 1, NH), 8.50 (d, 1, CHCF), 8.59 (s, 2, picrate),9.18 (m, 1, 
NH). Anal. Calcd for C17H20FN7On : C, 39.46; H, 3.90; F, 3.67; N,
18.95. Found: C, 39.09; H, 3.87; F, 3.43; N, 18.55.

A sample of the picrate (1.07 g) was dissolved in methanol/water 
(110 mL, 1:10) and stirred with an excess of AG 1-X8 resin (chloride 
form, Bio-Rad Labs) until a colorless solution was obtained. The resin 
was filtered off, and the filtrate was evaporated to dryness and dried 
by repeated coevaporation of ethanol over the residue. The dried 
material was dissolved in ethanol (4 mL) and added dropwise with 
stirring to ether (50 mL). The precipitate was collected by centrifu
gation, washed with ether twice, and dried in vacuo to give the hy
drochloride salt of 4 as an amorphous powder: 257 mg; mp 120 °C 
(indefinite); UV (H20) Amax 213 nm (c 15 380), 247-248 (14 620), 280 
sh (7630); NMR (Me2SO-d6) S 2.91 (d, 3, CH3NH), 3.00 (d, 3, 
CH3NH), 8.55 (m, 1, NH), 9.29 (m, 1, NH). Anal. Calcd for 
CiiHi8ClFN40 4-1.5H20: C, 37.55; H, 6.01; N, 15.92. Found: C, 37.90; 
H, 6.27; N, 16.26.

The combined liquors from the picrate of 4 were concentrated to 
a small volume, and a third batch of crystals was deposited. Recrys
tallization from methanol/water yielded the picrate of 5,487 mg (12%). 
Treatment with AG 1-X8 resin (chloride form) in the usual manner 
and recrystallization from ethanol/ether gave 5 as the hydrochloride: 
150 mg (8%); mp 214-215 °C; UV (0.1 N HC1) Amax 210 sh nm (e 
15 720), 222-223 (18 320), 279-281 (3400); NMR (Me2SO-d6) $ 2.88 
(d, 3, CH3NH), 8.09 (d, 1, CHCF), 8.23 (m, 1, NH), 8.55 (brd s, 2, NH2). 
Anal. Calcd for CSH8C1FN4: C, 33.62; H, 4.51; Cl, 19.85; N, 31.37. 
Found: C, 33.79; H, 4.62; Cl, 19.85; N, 31.05.

4-Amino-5-fluoro-2-methylaminopyrimidinium Chloride (5) 
from 4-Amino-2-chloro-5-fluoropyrimidine (7). 4-Amino-2- 
chloro-5-fluoropyrimidine (7; 1 g)8 was treated with methylamine (40 
mL) in a stainless steel bomb at room temperature for 75 h. The 
product was evaporated to dryness, dissolved in methanol, and im
pregnated onto silica gel (15 g, Merck). This material was applied to 
the top of a silica column (250 g) which had been packed in chloro- 
form/ethyl acetate (1:1), and the column was eluted with the same 
solvent (1.5 L) followed by ethyl acetate (2 L). Fractions 125-170 
(20-mL size) were evaporated to dryness, dissolved in ethanol (50 mL), 
and treated with aqueous hydrochloric acid (1 N, 9.2 mL). This so
lution was evaporated to dryness, coevaporated with ethanol, and 
recrystallized from the same solvent to give 5, 256 mg (21%). This 
material proved to be identical with the sample of 5 previously iso
lated.

5-Fluoro-2,4-bis(methylamino)pyrimidinium Chloride (8). (a) 
Via 2,4-Dichloro-5-fluoropyriniidine (6). Liquid methylamine (20 
mL) was added to 2,4-dichloro-5-fluoropyrimidine8 (6; 1 g) in a 
stainless steel bomb which had been cooled in a dry ice-acetone bath. 
The vessel was sealed and stored at room temperature for 5 days. After 
this time, the bomb was cooled, opened, and allowed to warm to room 
temperature to allow methylamine to evaporate. The residue was 
dissolved in methanol (100 mL) and filtered through Celite, and the 
filtrate was evaporated to dryness and pumped in vacuo. The residue 
was dissolved in water (120 mL) and filtered through Celite, and the 
filtrate was treated with saturated aqueous picric acid (200 mL). 
Crystals were deposited on storage overnight, and recrystallization 
gave pure 8 as the picrate: 0.9 g (39%); mp 240-242.5 °C dec; UV 
(CH3OH) Amax 209 nm (e 40 200), 300 (7200), 354 (15 100); NMR 
(Me2SO-d6) S 9.00 (m, 1, NH), 8.60 (s, 2, picrate), 7.92 (d, 1, CHCF),
7.90 (m. 1, NH), 2.96 (d, 3, CH3NH). 2.88 (d, 3, CH3NH). Anal. Calcd 
for C12H12FN70 7: C, 37.41; H, 3.14; F, 4.93. Found: C, 37.32; H, 3.34; 
F, 4.80.

A sample (0.4 g) in methanol/water (500 mL, 1:1) was warmed to 
dissolve it and was stirred with an excess of AG 1-X8 resin (chloride 
form). The mixture was applied to the top of a column (20 mL) of the 
same resin, which was eluted with methanol/water (1:1). The eluate 
(560 mL) was collected, evaporated to dryness, and crystallized from 
methanol/ethyl acetate to give 8 as the hydrochloride: 157 mg (79% 
from the hydrochloride); mp 243-244 °C; UV (H20) Amax 215 nm (e 
20 220), 280 sh (5200); NMR (Me2SO-d6) 5 9.10 (m, 1, NH), 8.31 (m, 
1, NH), 8.01 (d, 1, CHCF), 2.93 and 2.97 (overlapping d, 6, 2CH3NH). 
Anal. Calcd for C6H10C1FN4: C, 37.41; H, 5.23; F, 9.86; N, 29.09. 
Found: C, 37.40; H, 5.22; F, 9.69; N, 29.20.

(b) Via Hydrolysis of 4. A solution of the picrate of 4 (0.5 g) in 
aqueous hydrochloric acid (1 N, 20 mL) was heated at 100 °C for 1 h 
and then stored at 0 °C for 2 h. The crystals were collected and rec
rystallized from water to give the picrate of 8,90 mg (24%).

2-Amino-5-fluoro-1 -methyl-4-methyIiminopyrimidinium 
Chloride (9). (a) Reaction of 1 with Methylamine. A suspension 
of 1 (15 g) in methanol (80 mL) containing methylamine (15 g) was 
stirred at room temperature until the solid dissolved. The solution 
was then stored at room temperature for 36 h, evaporated to dryness, 
and evacuated for 1 h. The residue was treated with aqueous picric 
acid (960 mL) with stirring for 1 h, and the crystals were filtered off 
and recrystallized from water to give 9 as the picrate: 10.4 g (50%); mp 
224-226 °C; UV (CH3OH) Amax 207 nm (e 46 500), 353 (15 700); NMR 
(Me2SO-d6) S 8.88 (m, 1, NH), 8.54 (s, 1, picrate), 8.17 (d, 1, CHCF),
8.02 (brd s, 2, NH2), 3.47 (s, 3, CH3N), 2.93 (d, 3, CH3NH). Anal. Calcd 
for Ci2H12FN70 7: C, 37.41; H, 3.14; F, 4.93; N, 25.45. Found: C, 37.64; 
H, 2.87; F, 4.81; N, 25.75.

The picrate was dissolved in methanol/water (1 L, 4:1), and the 
solution was treated with an excess of AG 1-X8 resin (chloride form) 
with stirring for 1 h. The resin was removed by filtration, and the 
filtrate was treated with carbon and filtered through Celite. The fil
trate was evaporated to a solid which was dried and recrystallized from 
ethanol/ethyl acetate to give 9 as the chloride: 4.5 g (44%); mp 295 °C 
dec; UV (0.1 N HC1) Amax 239-240 nm (e 11 550), 275-276 (8400); 
NMR (Me2SO-d6) 5 2.93 (s, 3, CH3), 3.58 (s, 3, CH3), 8.42 (d, 1, 
CHCF), 8.5 (m, 3, 3NH). Anal. Calcd for C6H10C1FN4: C, 37.41; H, 
5.23; N, 29.09; Cl, 18.40; F, 9.86. Found: C, 37.38; H, 5.35; N, 28.93; Cl, 
18.50; F, 9.87.

(b) Reaction of 4 with Methylamine. The picrate of 4 (2 g) was 
converted into the chloride by passage through an AG 1-X8 column 
(chloride form), and the eluate was evaporated to dryness. The residue 
was coevaporated with ethanol twice, pumped in vacuo overnight, and 
then treated with a solution of methylamine in methanol (0.11 g/mL, 
15 mL) for 66 h at room temperature. This solution was evaporated 
to dryness, dissolved in 1-butanol/acetic acid/water (12:3:5,10 mL), 
and applied to a silica column (3.5 X 60 cm) which was packed and 
eluted with the same solvent mixture. Fractions of 20 mL were col
lected and tubes 35-43 were combined and evaporated to dryness. 
Treatment of the residue with saturated aqueous picric acid (10.8 mL) 
gave a crystalline precipitate. After storage overnight, the crystals 
were collected and dried in vacuo to give 8, 37 mg (2.5%).

Fractions 46-70 were combined and evaporated, and the residue 
was dissolved in a minimum amount of water and treated with 
aqueous picric acid (54 mL). The crystals were collected and dried in 
vacuo to give 9 as the picrate, 0.81 g (54%).

Crystals of the hydrohromide of 9 are monoclinic, space group 
P2i/a, with a = 7.137 (1) A, b = 20.590 (4) A, c = 6.254 (1) A, g  = 95.39
(1)°, and dcaicd = 1.720 g cm-3 for Z  = 4. X-ray crystallographic in
tensity data were measured on a Hilger-Watts diffractometer (Ni- 
filtered Cu Ko? radiation, 6-26 scans). The approximate size of the 
crystal used for data collection was 0.07 X 0.10 X 0.4 mm; the data
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were corrected for absorption. There were 1237 accessible reflections 
with 9 < 57°, of which 1094 were considered to be observed. The 
structure was solved by a multiple solution procedure and was refined 
by full matrix least squares. In the final refinement, anisotropic 
thermal parameters were used for the heavier atoms and isotropic 
temperature factors were used for the hydrogen atoms. The final 
discrepancy indices are R = 0.055 and Rw = 0.065 for the 1094 ob
served reflections.20

The relatively short C2-N 3 and C4-N 4 bond distances (1.317 and 
1.320 A, respectively) as compared with the C2-N 2 and N3-C 4 dis
tances (1.349 and 1.342 A) imply the existence of a 2-amino-4- 
methylimino tautomer rather than a 2-imino-4-methylamino struc
ture.

2-Amino-5-fluoro-4-methylaminopyrimidinium Chloride (12). 
(a) From 2. Compound 2 (1 g) was stirred with methylamine in 
methanol (0.72 M, 30 mL) for 1 h at room temperature and evaporated 
to dryness. The residue was treated with aqueous picric acid (100 mL) 
at 100 °C for 6 h, and on cooling crystals were deposited. These 
crystals were collected and recrystallized from methanol/water to give 
the picrate of 12, 332 mg (27%). A second crop of 557 mg (45%) was 
obtained by evaporation of the liquors. A sample was converted into 
the chloride form by stirring a methanolic solution of the picrate with 
AG 1-X8 resin (chloride form). Recrystallization from ethanol/ether 
gave pure 12 as the hydrochloride: mp 209-210 °C; UV (0.1 N HC1) 
Amax 206 nm (t 20 500), 235 sh (12 650), 267 (7500); NMR (Me2SO-rf6) 
b 2.92 (d, 3, CH3NH), 7.90 (s, 2, NH2), 8.06 (d, 1, CHCF), 8.99 (m, 1, 
NH). Anal. Calcd for C5H8C1FN4: C, 33.62; H, 4.51; Cl, 19.85; N, 31.37. 
Found: C, 33.84; H, 4.64; Cl, 20.14; N, 31.02.

(b) From 6. A 0 °C solution of 6 (0.95 g) in methanol (10 mL) was 
treated with methylamine in methanol (3.55 N, 9.6 mL), stored 
overnight at 5 °C, and evaporated to a white solid which was triturated 
with water (10 mL). The solid was collected by filtration and dried 
in vacuo to give crude 13, 629 mg (68%). For analytical purposes, a 
sample was recrystallized from water: mp 131.5-132.5 °C; UV 
(CH3OH) Amax 240 nm (t 10 800), 280 (5350); NMR (Me2SO-d6) b 2.84 
(d, 3, CH3NH), 8.02 (d, 1, CHCF), 8.08 (brd s, 1, NH). Anal. Calcd for 
C5H5C1FN3: C, 37.17; H, 3.12; Cl, 21.95; N, 26.01. Found: C, 37.05; H, 
3.25; Cl, 22.06; N, 26.01.

A sample (249 mg) of crude 13 in liquid ammonia (6 mL) was stored 
in a steel bomb for 64 h at 100 °C. The bomb was cooled in a dry ice- 
acetone bath, and methanol (30 mL) was added. The solution was 
filtered through Celite to remove some insoluble brown material, and 
the filtrate was evaporated to dryness and dissolved in chloroform/ 
methanol (10:1,10 mL). This solution was applied to a silica column 
(100 g) and the column eluted with the same solvent. Fractions of 20 
mL were collected, and tubes 42-58 were combined and evaporated 
to give crude 12 as the free base, 0.1 g (46%). Recrystallization from 
water gave analytically pure material, mp 158-160 °C. A sample of 
the picrate was prepared by the usual procedure and found to be 
identical with the sample obtained from the reaction of 1 with me
thylamine (melting point, IR, and NMR).

Prolonged Reaction of 2 with Methylamine. A suspension of 2 
(3 g) in methanol (25 mL) containing methylamine (2.75 g) was stirred 
until completely dissolved, and the solution was stored at room 
temperature for 45 h and then evaporated to dryness. The residual 
gum was dissolved in methanol (20 mL) and applied to a silica column 
(700 g) which had been packed in the same solvent. The column was 
eluted with methanol (2 L) followed by methanol/acetic acid (100:1, 
2 L), and fractions of 20 mL were collected. Fractions 158-300 were 
combined, evaporated to dryness, dissolved in water (10 mL), and 
treated with saturated aqueous picric acid (116 mL). After storage 
at 0 °C for 2 h, the yellow precipitate was collected and recrystallized 
from methanol/water to give the picrate of 9,1.2 g (31%).

Fractions 130-150 were combined and evaporated to dryness (1.29 
g). A portion (0.89 g) of this material was triturated with ethanol (10 
mL), and after storage at 5 °C overnight, a white solid was removed 
by filtration and discarded. The filtrate was evaporated to a brown 
gum (450 mg), which was dissolved in a minimum amount of water 
and treated with picric acid (22 mL). After storage at 5 °C overnight, 
crystals (33 mg) were deposited. Recrystallization from water gave 
pure 4, 21 mg.

l-/?-D-Arabinofuranosyl-2,4-bis(ethylamino)-5-fluoropy- 
rimidinium Chloride (14). A suspension of 1 (5 g) in methanol (40 
mL) containing ethylamine (3 g) was stirred for 15 min at room tem
perature. The solution was evaporated to dryness, pumped in vacuo 
for 1 h, and treated with aqueous picric acid (325 mL). After 1 h at 0 
°C, the solid was collected, washed briefly with ice water, and dis
solved in methanol/water (1:1,100 mL). The solution was stirred with 
an excess of AG 1-X8 (chloride) resin until colorless, and the resin was 
removed by filtration. The filtrate was evaporated to dryness and

Table I

m/e
no. of 

15N atoms
%

incorporation
128 0 6
129 1 71
130 2 22
131 3 1

triturated with ethyl acetate (50 mL) and methanol (0.1 mL). Crys
tallization commenced on standing. The solid was recrystallized from 
methanol (5 mL)/ethyl acetate (50 mL) to give 14, 2.9 g (46%): mp 
147-148 °C; UV (H20 ) Amax 217 nm (e 17 500), 251 (16 2001, 285 sh 
(8300); NMR (Me2SO-d6) 5 1.28 (t, 6, 2CH3CH2), 3.55 (m, 4, 
2CH3CH2). Anal. Calcd for C13H22CIFN4O4: C, 44.26; H, 6.29; CL, 
10.05; N, 15.88. Found: C, 44.28; H, 6.36; CL, 10.05; N, 15.96.

l-jS-D-Arabinofuranosyl-5-fluoro-2,4-bis(fl-propylamino)- 
pyrimidinium Chloride (15). Anhydro-ara-FC (1; 5 g) was treated 
with n-propylamine (7.35 mL) in methanol (50 mL) for 15 min at room 
temperature and isolated as described for 14:4.0 g (59%); mp 147-149 
°C, then resolidified and mp 181 °C dec; UV (0.1 N HC1) Amax 219-220 
nm (e 17 500), 253 (16 500), 285 sh (8600); NMR (Me2SO-c!6) b 0.90 
(t, 6, 2CH3), 1.63 (m, 4, 2CH3CH2), 3.35 (m, 4, 2CH2N). Anal. Calcd 
for Ci5H26ClFN404: C, 47.31; H, 6.88; CL, 9.31; N, 14.71. Found: C, 
47.20; H, 6.97; CL, 9.51; N, 14.58.

Reaction of 1 with l5NH:i. A suspension of 1 (207 mg, 0.74 mmol) 
in methanol (1 mL) containing ammonia (99% 15N-enriched, 4.46 
mmol) was stirred at room temperature for 3 h and then treated with 
2-propanol (3 mL). After storage at 0 °C overnight, the solid was 
collected, washed with 2-propanol, and dried in vacuo. Recrystalli
zation from methanol/ethyl acetate gave the diamino nucleoside (132 
mg, 60%), mp 172-173 °C. Mass spectrometric examination of the 
peaks assigned to the 2,4-diamino-5-fluoropyrimidinium ion (m/e 128, 
129, 130, and 131), as compared with those obtained from an unen
riched sample, gave the results in Table I.

Degradation o f I5N-Enriched Diamino Nucleoside to 5-Flu- 
orouracil. A sample of 15N-enriched diamino nucleoside (45 mg) in 
aqueous hydrochloric acid (1 N, 2 mL) was heated with sodium nitrite 
(400 mg) at 60 °C for 24 h and then evaporated to dryness. The residue 
was extracted with methanol, and the extract was applied to a silica 
gel plate (3 mm thickness) which was developed in tetrahydrofuran/ 
methanol (10:1). The band corresponding to 5-fluorouracil was cut 
out and extracted with methanol, and the extract was evaporated to 
dryness and redissolved in methanol. Solids were removed by cen
trifugation, and the supernatant was evaporated to dryness for ex
amination by mass spectrometry. The relative intensities of the peaks 
at m/e 130 and 131 in the synthetic sample (corresponding to the 
molecular ion peaks for (14N]- and [15N]fluorouracil, respectively) 
were compared with those obtained from authentic material. By this 
method it was determined (after correction for the natural abundance 
of I5N) that (m/e 130)/(m/e 131) = 94/6; i.e., 6% of the synthetic 
sample of 5-fluorouracil contained one 15N atom per molecule.

Reaction o f 1 with Sodium Hydrosulfide. A suspension of 1 (580 
mg) and sodium hydrosulfide (255 mg) in methanol (50 mL) was 
stirred at room temperature for 3 h and concentrated to 10 mL. Silica 
gel (13 g) was added, and the slurry was applied to the top of a silica 
gel column (125 g) which had been packed in methanol/acetic acid 
(100:1). After a preliminary wash with methanol (150 mL), the column 
was eluted with methanol/acetic acid (100:1) and fractions of 20 mL 
were collected. Tubes 24-60 were combined, evaporated to dryness, 
and dissolved in water. Some insoluble material was removed by fil
tration, and the filtrate was evaporated to dryness, dried by evapo
ration of ethanol over the residue, and crystallized from methanol to 
give the acetate of 21 (278 mg, 49%), mp 179-180 °C dec (lit.5 mp 
190-192 °C). A sample was converted into the hydrochloride salt by 
passage through an AG 1-X 8 (chloride) column and recrystallized 
from methanol: mp 249 °C dec (lit.17 266-267 °C); UV (H20) Amax 231 
nm (t 9350), 262 (10 380); NMR (Me2SO-d6) S 6.70 (d, 1, C5 H), 8.28 
(d, 1, C6 H), 9.21 (s, 1, NH), 9.69 (s, 1, NH). Anal. Calcd for 
C9Hi2C1N30 4: C, 41.31; H, 4.62; N, 16.06. Found: C, 41.38; H, 4.70; N,
16.02.

Reaction of 1 with Hydrogen Sulfide. Hydrogen sulfide was 
bubbled into a suspension of 1 (2.8 g) in DMF (100 mL, dry) and tri- 
ethylamine (3 mL). After 9 h, a stream of nitrogen was bubbled into 
the solution for 30 min to remove hydrogen sulfide, and the solution 
was filtered to remove unreacted starting material (1.35 g). Silica gel 
(25 g) was added to the filtrate, and the slurry was evaporated to 
dryness and applied to the top of a silica gel column (250 g) which had
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been packed in chloroform. The column was initially developed with 
chloroform, and fractions were evaporated and crystallized from 
ethanol to give 238 mg (12%) of the oxazolidinethione 22: mp 132-
133.5 °C; UV (CH3OH) Xmax 243 nm R 18 950), 285 sh (1010); NMR 
(Me2SO-d6) b 3.27 (m, 2, CH2), 3.87 (m, 1, CH), 4.23 (m, 1, CH), 4.88 
(t, 1, CH2OH), 5.05 (d, 1, OH), 5.66 (d, 1, OH), 5.79 (d, 1, Ci' H), 10.76 
(s, 1, NH). Anal. Calcd for C6H9N 04S: C, 37.69; H, 4.74; N, 7.33; S,
16.77. Found: C, 37.55; H, 4.69; N, 7.31; S, 16.85.

The column was subsequently eluted with chloroform/methanol 
(10:1, 5 L) to remove a number of minor impurities which were dis
carded. Elution with methanol/acetic acid (1 L, 50:1) gave a fraction 
which was evaporated to dryness and converted into the chloride form 
in the usual way. Recrystallization from methanol yielded 21,125 mg 
(5%).

5-Fluoro-2-thiocytidine (24). A solution of 4-amino-2-chloro-
5-fluoropyrimidine8 (25.2 g) and sodium hydrosulfide (51 g) in eth
ylene glycol (75 mL) was heated with stirring to 103 °C. At this point, 
heating was discontinued since the solution began to foam. After 15 
min, the solution was heated to 140 °C and maintained at that tem
perature for 15 min. The product was cooled, treated with water (250 
mL), adjusted to pH 6.5 with aqueous hydrochloric acid (6 N, 50 mL), 
and cooled to 0 °C for 1 h. The precipitate was filtered, washed with 
water (3 X 60 mL), and dried in vacuo. Recrystallization from water 
(2.6 L) yielded 5-fluoro-2-thiocytosine (14.8 g, 60%), mp 265 °C (in
definite) dec. Anal. Calcd for C4H4FN3S: C, 33.10; H, 2.78; F, 13.10; 
N, 28.95; S, 22.09. Found: C, 32.99; H, 2.77; F, 13.00; N. 28.73; S, 
22.37.

This material (4.5 g) was suspended in dry dioxane (120 mL) and 
treated with 1,1,1,3,3,3-hexamethyldisilazane (22.5 mL) and chloro- 
trimethylsilane (3 mL) under reflux for 5.5 h. The solid was removed 
by filtration, and the filtrate was concentrated to a yellow paste. This 
material was dissolved in 1,2-dichloroethane (100 mL, distilled over 
P2O5) and treated with a solution of tri-O-benzoyl-l-O-acetyl-D- 
ribofuranose (14 g) in dry acetonitrile (125 mL). This solution was 
treated with freshly distilled stannic chloride (3 mL) in dichloroethane 
(25 mL) for 3 h at room temperature. The reaction mixture was cooled 
to 0 °C and treated with aqueous sodium bicarbonate (1 M, 450 mL) 
with vigorous stirring at room temperature for 18 h. The emulsion was 
filtered through Celite, and the organic layer was washed with water 
(2 X 400 mL), dried over anhydrous sodium sulfate, and concentrated 
to a foam. This material was dissolved in chloroform (50 mL), applied 
to a silica gel column (1.6 kg), and eluted with chloroform/acetone 
(85:15). Fractions of 20 mL were collected, and tubes 400-660 were 
combined and evaporated to yield 8.2 g (45%) of 2',3',5'-tri-0-ben- 
zoyl-5-fluoro-2-thiocytidine as a white solid. A sample was crystallized 
with difficulty from ethanol at 0 °C: mp 165-168 °C dec; NMR 
(Me2SO-d6) 5 7.4-8.0 (m, 15, 3C6H6); UV (CH3OH) Xmax 232 nm R 
46 000), 262 (26 200), 315 sh (3000). Anal. Calcd for CgoH^FNaCRS: 
C, 61.11; H, 4.10; F, 3.22; N, 7.13; S, 5.44. Found: C, 61.00; H, 4.21; F, 
3.22; N, 7.06; S, 5.51.

The crude tribenzoyl derivative (7.05 g) was treated with saturated 
methanolic ammonia (200 mL) for 18 h at room temperature. After 
evaporation to dryness, the residue was dissolved in water (200 mL) 
and extracted with ether (3 X 200 mL). The aqueous layer was evap
orated to dryness, and the residue was coevaporated with ethanol. The 
residue was dissolved in hot methanol (15 mL), treated with activated 
carbon, and filtered through Celite. On cooling to 0 °C, crystalline 24 
(3.02 g, 91%) was deposited: mp 127 °C; UV (H20 ) Xmax 217 nm R 
5900), 260 (21 550); NMR (Me2SO-d6) b 3.17 (d, 3, CH3OH), 3.70 (m, 
2, CH2), 3.95 (m, 4, C2', C3', and C„' H, OH), 4.88 (d, 1, OH) 5.33 (d, 
2, OH), 6.44 (brd s, 1, Ci' H), 7.8 (brd s, 1, NH), 8.2 (brd s, 1, NH), 8.72 
(d, 1, CHCF). Anal. Calcd for C9Hi2FN304S-CH30 H: C, 38.83; H, 5.21; 
N, 13.58; S, 10.36. Found: C, 38.38; H, 5.05; N, 13.36; S, 10.55.

2,2’- Anhydro-1 -/3-D-arabinofuranosyl-5-fluoro-2-thiocytosine 
Hydrochloride (23). A suspension of 24 (2.0 g) in dry acetonitrile (24 
mL) was treated with acetoxyisobutyryl chloride (4 mL) for 3.5 h. The 
solution was added dropwise to anhydrous ether (400 mL), and the 
precipitate was collected, washed with ether, and treated with 
methanolic hydrogen chloride (0.15 N, 52 mL) for 72 h. The solution 
was evaporated, and on trituration with boiling isopropyl alcohol (30 
mL) 23 was obtained, 1.4 g (72%). An analytically pure sample was

obtained by crystallization from methanol/isopropyl alcohol: mp 
211-212 °C; UV (CH3OH) Xmax 247 nm R 23 500), 285 sh (5100); NMR 
(Me2SO-d6) b 3.44 (d, 2, CH2), 4.15 (q, 1, C4' H), 4.41 (t, 1, C3' H), 4.55 
(q, 1, C2' H), 6.64 (d, 1, Ci' H), 8.78 (d, 1, CHCF), 9.59 (s, 1, NH), 9.84 
(s, 1, NH). Anal. Calcd for CgHuClFNgOsS: C, 36.55; H, 3.75; F, 6.42; 
N, 14.21; S, 10.84. Found: C, 36.63; H, 3.79; F, 6.25; N, 13.96; S,
10.85.

Reaction o f 23 with Sodium Hydrosulfide. A solution of 23 (1 
g) in methanol (100 mL, dry) was treated with sodium hydrosulfide 
(0.81 g) with stirring at room temperature for 3 h. A small amount of 
insoluble material was removed by filtration, and the filtrate was 
applied directly to a silica gel column (silica gel 60, size C; E. Merck, 
Darmstadt). The column was eluted with methanol (600 mL) followed 
by methanol/acetic acid (50:1,1L), and fractions of 20 mL were col
lected. Fractions 77-100 were combined, evaporated to dryness, dis
solved in water (10 mL), and applied to an AG 50-X8 column (1 X 10 
cm, chloride form) which was washed with water. The fractions con
taining UV-absorbing material were pooled and evaporated to dry
ness, and the residue was triturated with hot 2-propanol (13 mL) to 
yield 25 as an amorphous solid, 198 mg (21%). An analytically pure 
sample was obtained by recrystallization from methanol/chloroform, 
mp 195-197 °C (lit.17 mp 201-202.5 °C).
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Aziridines (1) were allowed to react with (2-propynyl)triphenylphosphonium bromide (2) to yield (2-aziridinylallyl)- 
triphenylphosphonium bromide (3) at low temperature and (2-aziridinyl-l-propenyl)triphenylphosphonium bro
mide (4) directly, or on heating from 3. (Phenylethynyl)triphenylphosphonium bromide (5 a) yields (2-phenyl-2- 
aziridinylvinybtriphenylphosphonium bromide (6 ). The salts from aziridine and 2 or 5a yield (2-methyl- (14a) and 
(2-phenyl-2-pyrrolin-3-yl)triphenylphosphonium bromide (14b), respectively, on heating in acetonitrile. Treat
ment of several of the salts, 4a and 4b, with aniline at 70 °C yields the alkylated anilines 13a and 13b, respectively. 
2-Vinylaziridines (15) and 2  yield substituted [(2//-l,3,4,7-tetrahydroazepin-2-ylidene)methyl]triphenylphospho- 
nium bromides (16), while 15 and 5a or (l-propyn-l-yl)triphenylphosphonium bromide (5b) give (lff-2,5-dihy- 
droazepin-6-yl)triphenylphosphonium bromides (17) via hetero-Cope rearrangements. Compounds 14a and 17a 
are N-alkylated, whereas 16b is alkylated a to the triphenylphosphonium moiety. Compounds 14a and 16a undergo 
the Wittig reaction with aldehydes in the normal manner. Proton and 13C NMR spectra are reported for most of 
the compounds.

Recent reviews have reflected current interest in the syn
thesis and chemistry of heterocycles bearing phosphorus- 
containing substituents.2’3 Preceding work in this laboratory 
has dealt with the synthesis of such heterocycles from un
saturated organophosphonium salts.4“ ““ These syntheses have 
employed both cycloaddition and intramolecular Wittig re
action routes to form the heterocycle. This paper describes 
our current efforts to prepare phosphorus-substituted het
erocycles via the rearrangements of the activated aziridine 
synthon.

Results and Discussion
When aziridines 1 were allowed to react with (2-propynyl)- 

triphenylphosphonium bromide (2) in methylene chloride (eq 
1) at the temperature given in Table I, the corresponding 
adducts 3 were usually produced (Scheme I, Table I). From 
the low temperature addition of lc  to 2, however, only the 
“ conjugated” adduct 4c was isolated. The “ conjugated” ad
ducts 4a and 4b were also prepared either via heating the 
isolated intermediate 3 in chloroform or acetonitrile [eq 1 (i)] 
or directly by heating 1 and 2 in methylene chloride [eq 1 (ii)[ 
(without isolation of intermediate 3). Similarly, the A'-vin- 
ylaziridine 6 was obtained from the reaction of la  and 
(phenylethynyl)triphenylphosphonium bromide (5a) (eq 2, 
Scheme I).

These products were characterized by their field desorption 
(FDMS) and chemical ionization mass spectra (CIMS), IR, 
4H NMR, and 13C NMR spectra. The IR spectra of com
pounds 3 showed a weak absorption at ~1630 cm-1 corre
sponding to the terminal double bond, while compounds 4 and 
6 showed a strong absorption at ~1560 cm-1, in good agree
ment with the behavior of double bonds of other d-amino- 
vinylphosphonium salts.41'« The NMR spectra of 3 (with the

Scheme I

R 2

? N H  +  H C ^ C C H . P P h s B r

2 \ c h , c l

1
, P P h ; ,B r  ( 1 )

R > ^

R -

H ,C
+  — 

-P P h ;iB r

■ N

R 2

a, R 1 = R 2 = H; b, R ' = R 2 = (CH2)4;c ,  R ' = Ph, R 2 = H ;d , 
R 1 = PhCO, R 2 = p - 0 2NC6H4-

l a  +  p h C = C P P h : B r  

5a

+

6

( 2 )

exception of 3d) could not be obtained at normal probe tem
peratures (~30-40 °C). Attempts to do so provided only a 
spectrum of 4. However, 4H and 13C NMR spectra of 3a were 
obtained at —10 °C. The 13C NMR spectra are given in Table 
II for compounds 3a, 4a,41 and 4b. The ring protons of adducts

T able I. [2 -(A zirid in -l-y l)-2-propen yl]triphen ylphosph oniu m  Brom ides (3) and [2 -(A z ir id in -l-y l)-l-p rop en y l]tr ip h en y l-
phosphonium  Brom ides (4)__________________________________________________

R i ,R 2

Equation 1 Equation 1 (i) Equation 1 (ii)
3, mp 
(°C)

%
yield

T, °C 
time, h

4, mp
(°C)

%
yield Solvent

T, °C / 
time, h

%
yield

T, °C / 
time, h

a H, H 132-136 85 0-10/0.5 122-127 84 CHCI3 40/8 X IO- 4 81 0° -*■ 40/0.5
b (CH 2 ) 4 110-117 71 0-10/0.5 97-117 CH3CN 81/16 84 0“ 25/0.5
c Ph, H 153-160 92 0“ 5/0.5
d PhC(O), 124-136 53 25/1.33

P-O 2 NC6 H 4

a Reactants were mixed at 0 °C over a period of 0.5 h, and then the mixture was warmed briefly to the second temperature for the 
time given.

00?9-3263/78/1943-4207$01.00/0 © 1978 American Chemical Society
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4 exhibited NMR signals with chemical shifts approximately 
1 ppm downfield from those of 1. The chemical shifts of the 
vinyl protons of these adducts likewise appear considerably 
downfield from those found for other /3-(alkylamino)vinyl- 
phosphonium salts.4f l In a similar manner, the chemical shift 
of the vinyl carbon next to phosphorus in 4 was deshielded 
relative to the same resonance in other /3-(alkylamino)vinyl- 
phosphonium salts.4h This phenomenon (i.e., the relative 
deshielding of the vinyl protons and carbons adjacent to 
phosphorus in /3-aziridinylvinylphosphonium salts) has been 
discussed in a recent publication.4'

While IR, 4H NMR, and 13C NMR spectra were of consid
erable utility in the characterization of these phosphonium 
salts, electron-impact mass spectra provided extremely little 
information, presumably due to the salts’ low volatility. Field 
desorption mass spectroscopy (FD), which has previously been 
found useful for the molecular weight determination of 
phosphonium halides,5 was therefore tried with a number of 
these salts. Although compounds 7, 8, and 10 gave essentially

H3Cx  PPhjBr

/ ° = C\
X H

7, X  = CH2CH2CH2N -

8 , X  = £ h  2c h 2c h 2c h 2c h 2n -

9, X  = (CH3)2N -

d
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tq

05
IlO

lOr

05
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CO
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t P
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o  P r f d to
d  d d CD *CO ' CM ' CM

CO © ©  oo to
TjH* CM io  d rH y ^CD CM CD CM CD CMrH ' rH N--' rH

t> CD CM d 00
d  co d  d rH
CD O CD © CD O

rH rH rH
■XS

10, X  = CHjNH—

one-line spectra providing the correct molecular weight of the 
corresponding cation, FD spectra of 4a, 4b, and 6 were quite 
complex and could not be used for molecular weight deter
mination. Interestingly, the FD mass spectrum of 3d showed 
two main line groups corresponding to the cation (M+) and 
a cation/anion cluster (M+Br~ — 1). Another more general 
method was sought, however, since the field desorption 
method was unsuccessful with 4a, 4b, and 6. McLafferty and 
co-workers6 have reported a chemical ionization technique 
wherein relatively involatile compounds react in the solid 
phase directly with the ionized gas. Munson et al.7 have re
cently applied this technique to the analysis of the phospho
nium halides reported in this work. From this method correct 
M+ lines were obtained for not only 7 ,8, and 9, but also for 3, 
4, and 6. Thus, the latter technique seems to have wider ap
plicability than FDMS to the analysis of these phosphonium 
salts. Both methods have been used in the analysis of various 
other compounds in this paper.

Isolation of compound 3 is consistent with the following 
mechanism of addition of amines to 2 (Scheme II). The in
termediacy of 2' has been conclusively shown in the conjugate 
additions of nucleophiles to 2.4f Compounds corresponding 
to 3 or 3' from the addition of alcohols to 2 have also been

Scheme II

2 RlR2NH > H LC=C =C H PPh3Br 

2 '

r ‘ r 2n h \^

H,C PPh3Br

/ 0 = C \
R'N H

R-

R‘N'

I
R

CCH.»

wOo- ocm 3'
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Table III. 2fl-l,5,6,7-Tetrahydroazepines (16) and 2JT-l,5-Dihydroazepines (17)
% Conditions

Compd R R1 R2 R3 yield Mp,°C (T, °C/time, h)

16a ch3 Ph ch3 95 232-234 0“ — 20/0.5
16b ch . Ph H 90 229-234 0" — 20.0.5
16c (CH2)4 H 74 90-115 0“ — 20/0.5
17a ch3 ch3 Ph H 90 242-246 81/6
17b Ph ch3 Ph CH3 71 214-222 81/20
17c Ph ch3 Ph H 73 130-150 81/20

“ Reactants were mixed at 0 °C over a period of 0.5 h, and then the mixture was warmed briefly to 20 °C for the time given.

isolated,4f and a phosphonate analogue of 3a has been pre
pared.8

Compounds 4 and 6 are uniquely “activated” aziridines. 
Many examples of compounds with the general structure 11 
(where Z is an electron-withdrawing group) are known.9-13 
Examples containing the phosphorus moiety, iminophos- 
phonates and phosphoramides 12, have also been synthe-

0

Z P ( R 'h

C=N

R'
11 12

R  =  A r ,  N H A r ;  R ' = - O P h ,  - f < ]

sized.14 However, 4 and 6 are the only examples of 11, to our 
knowledge, where Z is a phosphonium group.

Although the resonance forms depicted below for 4 are 
apparently not as important as those for 7-10,41 consideration 
of this diminished resonance might nevertheless lead one to 
predict that 4 and 6 have quite electrophilic ring carbons.

R  P P h :1 R  P P h ,  R  P P h 3

S ?  ^  ^
Some alkylation reactions typical of “activated” aziridines 
were therefore attempted. Thus, when aziridines 4a and 4b 
were treated with aniline at 70 °C, compounds 13 were ob
tained in 95% yield (eq 3).

V

\ /
C = C

/  X

R  P P h 3B r
c h 3c n  

A

4a, R = CH3 
6, R = Ph

A suggested mechanism for the formation of 14 is depicted 
in Scheme III. Although analogous phosphonates have been 
synthesized,18® previous attempts to prepare a pyrroline ring 
containing a triphenylphosphonium substituent have been 
unsuccessful.188’®

H e t e r o -C o p e  R e a r r a n g e m e n ts . From the reaction of 
2-vinylaziridines 15 with 2 in methylene chloride, no com
pounds corresponding to 3 or 4 were isolated. Instead, the 
tetrahydroazepine derivatives 16 were obtained (eq 5, Scheme 
IV, Table III). In a similar manner, treatment of 5a of (1- 
propynyl)triphenylphosphonium bromide (5b) with 15 in

P P h .B r

14a, R = CH3 
b , R = Ph

(4)

Scheme III

a, R1 = R2 = H; b , R1 = R2 = (CH,)4

N u c le o p h i le -C a t a ly z e d  R e a r r a n g e m e n t s .  Nucleo
phile-catalyzed rearrangements of N-vinylaziridines to pyr- 
rolines9-11 are rather sparse compared to those of acyl-acti- 
vated aziridines.15,16 Indeed, rearrangements of N-vinylaz- 
iridines in this manner are known to be quite difficult,17 often 
producing only ring-opened products.9-17 In this laboratory, 
attempts at these rearrangements with 2-(aziridin-l-yl)- 
vinylphosphonium salts were only partially successful.

In refluxing acetonitrile, compounds 4a and 6 rearrange to 
the 2-pyrrolines 14a and b in 65 and 86% yields, respectively 
(eq 4). The spectral and analytical data support the assigned 
structures. The 13C NMR spectra of 14 are given in Table II. 
Compound 4b under similar conditions was recovered un
changed.

R > -

R - -

Scheme IV

; N H  +  H C = C C H , P P h ;JB r  

2

15

P h C = C P P h , B r
5a

15 +  o r

C H :, C = C P P h ;1B r

5b
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Scheme V

16

17

acetonitrile produced the dihydroazepine derivatives 17 (eq 
6, Scheme IV, Table III).

The unique ability to form the dihydroazepine ring where 
the triphenylphosphonium moiety /3 to the amino group is 
placed on the ring 2 position (17) or on an exocyclic methylene 
position at the ring 1 position (16) is due to the nature of the 
intermediate unsaturated phosphonium salt formed prior to 
the hetero-Cope rearrangement. The reaction of 15 and 2 
undoubtedly proceeds by a mechanism similar to that in 
Scheme II, but the intermediate corresponding to 3' undergoes 
a hetero-Cope rearrangement22 to give 16 (Scheme V) instead 
of becoming conjugated. The addition of 15 to 5 occurs in the 
same manner as the addition of aziridines to other activated 
alkynes,12®’13 followed by the hetero-Cope rearrangement. The 
facility of these processes should make them appealing as a 
ready synthesis of the azepine ring system; such syntheses are 
scarce in the literature.22b

The 1H NMR spectra of compounds 16 exhibit a resonance 
for the vinyl proton next to phosphorus considerably de- 
shielded (5 5.30-5.47) from the corresponding shifts of com
pounds 7-10 (8 3.68^1.05).4i The carbon next to phosphorus 
in these compounds, on the other hand, gives a 13C chemical 
shift in good agreement with those of 7-10.41 The reasons for 
the anomalous >H shifts are not clear; however, a similar 
chemical shift difference may be noted in the 'H NMR spectra 
of methylidenecycloheptane19 or 2-methylpropene20 vs. 5- 
methylidenecycloheptene21 (below).

H

H ,C

H '

C H ,

The 13C NMR spectra of 16 and 17 are given in Table II. 
Additional evidence for the structure of 16a was provided by 
an off-resonance decoupling experiment carried out with its 
4H NMR spectrum. Irradiation of the broad 1-H multiplet at 
8 ~4.6 changed the exchangeable proton at 8 9.80 (NH) from 
a broad doublet to a singlet and the doublet at 8 1.38 (over
lapping with the singlet at 8 1.27) to a singlet.

Alkylation of 14,16, arid 17. The alkylation of salt 14a by 
benzyl bromide in sodium hydride-dimethyl sulfoxide (eq 7)

P P h :)B r

,----- (  N a H -M e ,S O

C ^ c „ ,N r
I

H

1 4 a

P h C H ,B r

,P P h 3B r

R '  I 
H

P P h ;;B r

N aO Et*

H O E t
R " X

3 ^  (7)
I

C H o P h  

1 8

+  -  
P P h .B r

( 8 )

occurred, as predicted by previous work (eq 8),4c to give N- 
alkylated product 18. Thus, both the 2-pyrrolinyl- and 2- 
pyrazolinylphosphonium ylides alkylate on nitrogen. When 
R or R' is a hydrogen, however, 14' eliminates triphenyl- 
phosphine to produce pyrazoles (eq 9); no alkylation products

P P h jB r

-P P h ,

Â  V  • * —  ,N HIT  TV"
(9 )

H
were reported.40 Compound 14a, on the other hand, is ap
parently more stable to basic conditions. A reasonable ratio
nale for this difference may be found in the mechanism sug
gested by eq 9. The polarization of the C = N  bond in 14'"

H

counterbalances the electronegativity of the phosphonium 
moiety, thus reducing the acidity of the protons on the 5 po
sition, whereas this effect is not present in 14" and the vinyl- 
ogous 3 elimination is relatively easy to accomplish.

Reaction of compound 16b with m-chlorobenzyl bromide 
in sodium hydride-dimethyl sulfoxide produced compound 
19 (eq 10), while reaction of its isomer, compound 17a, under 
the same conditions produced compound 20 (eq 11). The 
former reaction has provided the first instance in this labo-

( 10)

1 6 b 19

P P h :,B r

14'

( 11)

ratory of C alkylation of a ,3-aminovinylphosphonium salt. It 
seems likely that the decreased steric hindrance of the carbon 
next to phosphorus in 16 vs. the same carbon in 14a, 14', or 17 
might account for this difference in reactivity.

The 13C NMR spectra of 19 and 20 are reported in Table
II. Since no 13C spectra of /3-aminovinylphosphonium salts 
with an a substituent have previously been reported, support 
for the assigned structures of 19 and 20 was sought by com
parison of their 13C NMR spectra with spectra of similar 
compounds in this work. The 13C spectra of five other such 
compounds are also presented in Table II. A preliminary in
spection of this table shows that the 13C -31P coupling constant 
for C-2 of the «-substituted compounds is larger than the same 
coupling constant for compounds without an a substituent
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by 4.5-12.2 Hz. Thus, the J (13C -31P) of 19.5 Hz for 19 vs. 12.2 
Hz for its precursor 16b supports the assigned structure for
19. Also, from Table II one may note that the chemical shifts 
for C-l without a substituent range from 54.1 to 59.3 ppm, 
whereas with a substituent on C-l they range from 61.8 to 69.7 
ppm. Thus, the 13C chemical shift of C-l in these compounds 
is displaced an average of 10 ppm to lower field by adding an 
a  substituent. Hence, the value of 69.4 ppm for C-l in 19 
provides additional support for the assigned structure.

Wittig Reactions o f 14 and 16. Lastly, the use of these 
phosphonium salts as Wittig reagents was investigated. 
Treatment of an ethanolic solution of 14a and m-nitroben- 
zaldehyde with sodium ethoxide in ethanol produced the 
pyrroline derivative 21a (eq 12). Although a similar procedure

+ — 
PPh.Br

'N ^ C H ,
I

H

14a

Ar

A rC H O

base N CH:)
( 12)

21a, Ar = m -N 02C6H4; 84% 
b , Ar = o-(H O )C6H4; 25%

Ar = m -N 02C6H4, base = N aO E t-H O Et:
Ar = o-(H O)C6H4, base = NaH—M e2SO

was unsuccessful for the reaction of 14a and salicylaldehyde, 
the desired pyrroline, 21b, was obtained by the use of sodium 
hydride-dimethyl sulfoxide (eq 12).

The structures of 21 were supported by their XH NMR 
spectra, El mass spectra, and analytical data. Additionally, 
an off-resonance decoupling *H NMR experiment was per
formed with 21a. The XH NMR spectrum of this compound 
exhibits both allylic coupling between the benzylidene proton 
and the 4 position hydrogens (J ~  3 Hz) and homoallylic 
coupling between the methyl group and the 5 position hy
drogens (J ~  1.5 Hz). Irradiation of the complex multiplet at 
5 ~4.3 (5 position CH2) changes the resonance at 5 2.33 (CH3) 
from a triplet to a singlet and converts the triplet of doublets 
at <5 3.02 (4 position CH2) to a doublet. Irradiation of the res
onance at <5 3.02 changes the triplet at 5 7.05 (vinyl H) to a 
singlet, and, finally, irradiation of the 5 2.33 resonance changes 
the 6 ~4.3 multiplet to a triplet (J ^  5.7 Hz).

Again, for reasons similar to those illustrated in eq 9, the 
resulting pyrrolines, 21, are stable to the basic reaction con
ditions, whereas the analogous pyrazolines undergo a base- 
catalyzed rearrangement to pyrazoles.4c

In a similar reaction, treatment of an ethanolic solution of 
azepine 16a and m-nitrobenzaldehyde with sodium ethoxide 
in ethanol produced compound 22 (eq 13), isolated as a hy
drochloride salt.

We have demonstrated in this paper that heterocycles 
bearing phosphorus-containing substituents, namely com
pounds 14,16, and 17, may be prepared via the synthesis and 
rearrangement of [2-(aziridin-l-yl)alkenyl]triphenylphos- 
phonium bromides. These heterocycles may be alkylated or 
used in a Wittig olefin synthesis.

Experimental Section
Carbon-13 spectra were obtained on a Bruker HFX-90 spectrom

eter equipped for Fourier transform pulsed NMR with a Nicolet 1085 
data system. The 13C data were taken at an operating frequency of 
22.63 MHz. The 13C chemical shifts are reported as referenced to 
Me4Si. All samples were run in approximately 0.05 M solutions of 
CDC13 at 32 °C with broad band 'H decoupling (except compounds 
3a, 4a, and 4b, which were run at approximately - 10, -5 , and 0 °C, 
respectively). The proton spectra were obtained on either a Perkin- 
Elmer R-12 or a Varian A-60A spectrometer and were referenced to 
Me-jSi. Concentrations used for the proton spectra were similar to 
those used for the 13C spectra. The ‘ H spectra of compound 3a was 
taken at -1 0  °C; all others were taken at normal probe temperatures 
(~30-40 °C). Infrared spectra were recorded on either a Perkin-Elmer 
337 or a Unicam SP1100 spectrometer. FD, Cl, and El mass spectra 
were all obtained on a duPont CEC 21-110B modified for the re
spective methods. Melting points were taken with a Mel-Temp ap
paratus and are uncorrected. Elemental analyses were obtained from 
Micro Analysis, Inc., Wilmington, Del., Chemalytics, Inc., Tempe, 
Ariz., and Schwarzkopf Microanalytical Laboratory, Woodside,
N.Y.

Aziridines lb  and c were prepared by the method of Hassner et al.23 
and purified by distillation. Aziridines 15 were prepared by the 
method of Chaabouni et al.24 and purified by column chromatography 
(silica gel; petroleum ether (30-60 °C)/ether = 4.1). Aziridines la and 
d were graciously donated to this laboratory by Dr. Harold W. 
Heine. The (2-propynyl)triphenylphosphonium bromide (2),4f 
(l-propynyl)triphenylphosphonium bromide (5b),4f and (phenyl- 
ethynyl)triphenylphosphonium bromide (5a)25 were prepared as 
previously described. All other reagents and solvents were obtained 
from either Aldrich Chemical. Co., Eastman Organic Chemical Co., 
or Fisher Scientific Co. m-Nitrobenzaldehyde (Eastman) was re
crystallized from ethanol, and aniline (Fisher) was distilled before 
use. Acetonitrile, dimethyl sulfoxide, and chloroform were purified 
as described in the literature.26

[2-(Aziridin-l-yl)-2-propenyl]triphenylphosphonium  B ro 
mides (3; eq 1), [2-(Aziridin-l-yl)-l-propenyl]triphenylphos- 
phonium Bromides [4; eq 1 (ii)], and [2-(Aziridin-l-yl)-2-phen- 
ylethenyl]triphenylphosphonium Bromide (6). The following 
general procedure was used for the preparation of 3,4, and 6. While 
stirring a slurry of 2 or 5a in methylene chloride (20 mL/g of 2 or 5a) 
at the temperature given in Table I, the appropriate aziridine 1 (1.01 
mol/mol of 2 or 5a) in methylene chloride (20 mL/g of 1) was added 
over the time given in Table I. In the preparation of 3 or 6, the mixture 
was stirred for an additional 5 min and then poured into anhydrous 
ethyl ether (70 mL/g of 2 or 5a). For the preparation of 4, the mixture 
was warmed briefly to the temperature given in Table I [eq 1 (ii)] and 
then poured into anhydrous ethyl ether. After stirring vigorously for 
several minutes, the precipitate was filtered and dried in a vacuum 
oven (2-3 mm, 40 °C). In addition to the 13C NMR data for 3a, 4a, and 
4b given in Table II and melting point and yield data in Table I, the 
following data were collected.

[2-(Aziridin-l-yl)-2-propenyl]triphenylphosphonium  B ro 
mide (3a): IR (KBr) 3050,2990, 2870,2840 (CH), 1630 (C=C), 1580 
(phenyl), 1110 (CP), 750, 720, 690 (phenyl) c m '1; XH NMR (CDCI3 
at -10  °C) 5 1.4-2.1 (m, 4, CH2CH2), 4.3-5.0 (m, 4, CH3P and H2C =),
7.4-8.2 (m, 15, C6H5); CIMS (isopentane) m/e (relative intensity) 344 
(45.76, M+).

Anal. Calcd for C23H23BrNP (424.309): C, 65.10; H, 5.46. Found: 
C, 64.96; H, 5.44.

[2-(7-Azabicyclo[4.1.0]hept-7-yl)-2-propenyl]triphenylphos- 
phonium Bromide (3b): IR (KBr) 3050,2980,2930,2850 (CH), 1620 
(C=C), 1110 (CP), 750,710, 690 (phenyl) cm-1; CIMS (isopentane) 
m/e (relative intensity) 398 (100, M+).

[2-(2-Benzoyl-3-(p-nitrophenyl)aziridin-l-yl)-2-propenyl]- 
triphenylphosphonium Bromide (3d): IR (KBr) 1670 (C = 0 ), 1620 
(C=C), 1520,1350 (N 02), 1110 (CP), 750,720,690 (phenyl) cm -1; lH 
NMR (CDCI3) & 3.25 (d, 1, CH, J Hh  =* 2 Hz), 3.5C (d, 1, CH, JHH ~
2 Hz), ~4.5 (brd d, 2, CH2P, J PH =* 20 Hz), 4.92 (d, 1, =C H , Jm  
7 Hz), 5.12 (d, 1, =C H , J hh — 7 Hz), 6.8- 8.0 (m, 24, aromatic H ’s); 
FDMS m/e (relative intensity) 569 (79, M+), 647 (9.4, M + 79 Br_ — 
1), 649 (17, M + 81 Br~ — 1); CIMS (isopentane) m/e 569 (6.14, M+), 
279 [100, (Ph3PO + 1)+].

[2-(Aziridin-l-yI)-l-propenyl]triphenylphosphonium  B ro
mide (4a): IR (KBr) 3050, 3000 (CH), 1580 (phenyl), 1560 (C=C), 
1110 (CP), 765, 750, 730, 720, 695 (phenyl) cm -1; XH NMR (CDC13)
5 1.87 (s, 3, CH3), 2.55 (s, 4, CH2CH2), 5.31 (d, 1, =C (H )P , J PH =* 16 
Hz), 7.4-8.0 (m, 15, C6H5); CIMS (isopentane) m/e (relative intensity) 
344 (4.19, M+).

[2-(7-AzabicycIo[4.1.0]hept-7-yl)-l-propenyI]triphenylphos-
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phonium Bromide 4b: IR (KBr) 1550 (C=C), 1110 (CP), 750, 720, 
690 (phenyl) cm -1; lH NMR (CDC13) b 1.0-1.5 (m, 4, -CHaCHz-), 1.80 
(s, 3, CH3), 1.7-2.1 (m, 4, -CH 2CCCH2-), 3.00 (m, 2, -CHCH-), 5.18 
(d, 1, =C(H )P, J PH =* 16 Hz), 7.5-8.0 (m, 15, C6HS); CIMS (isopen
tane) m/e (relative intensity) 398 (40.56, M+).

[2-(2-Phenylaziridin-l-yl)-l-propenyl]triphenylphosphonium 
Bromide 4c: IR (KBr) 3050,2900,2870 (CH), 1570 (C=C), 1108 (CP), 
860, 750, 740, 710, 690 (phenyl) c m '1; 'H NMR (CDC13) 5 1.89 (d, 3, 
CH3, JpH 1.2 Hz), 2.58 (d, 1, H trans to H, J trans ^  4 Hz), 3.32 (d, 
1, H cis to H, Jcis ^  7 Hz), 4.08 (dd, 1, C(H)Ph, J1 ~  7 Hz, J 2 ^  4 Hz), 
5.41 (d, 1, =C(H)P, J PH 16.8 Hz), 7.1-7.5 (m, 5, Ph on ring), 7.5-8.1 
(m, 15, PPh3); CIMS (isopentane) m/e (relative intensity) 420 (28.29, 
M+).

Anal. Calcd for C2gH27BrNP (500.409): C, 69.60; H, 5.44. Found: 
C, 69.35; H, 5.57.

[2-(Aziridin-l-yl)-2-phenylethenyl]triphenylphosphonium 
Bromide (6): 85%; mp 118-124 °C; IR (KBr) 3050,3040,2970 (CH), 
1580 (phenyl), 1550 (C=C), 1110 (CP), 765, 753, 740, 730, 720, 705, 
685 (phenyl) c m '1; 4H NMR (CDC13) 5 2.65 (s, 4, CH2CH2), 6.13 (d, 
1, =C(H )P, JpH & 14 Hz), 7.20 (s, 5, PhC=), 7.5-8.2 (m, 15, PPh3); 
CIMS (isopentane) m/e (relative intensity) 406 (26.01, M +).

4a and 4b via Equation 1 (i). The corresponding phosphonium 
salt (3a or 3b) was dissolved in the appropriate solvent (0.236 
mmol/mL) and then heated to the temperature and for the time 
prescribed in Table I. The solution was then added to anhydrous ethyl 
ether (500 mL/g of phosphonium salt) with vigorous stirring. Filtra
tion and vacuum drying (2-3 mm, 40 °C) provided materials whose 
spectral data agreed favorably with 4a and 4b as prepared above. Due 
to the highly hygroscopic nature of 4b produced by this process, an 
accurate determination of the percent yield could not be made.

[2-(Alkylamino) -1 -propenyl]triphenylphosphonium Bromides 
(7-10). Compounds 7 and 8 were prepared by a procedure similar to 
that employed in the preparation of 3a, with the exception that the 
addition was carried out at room temperature or slightly below. Yields 
and infrared data are as follows (NMR data are reported else
where).4'

[2-(Azetidin-l-yl)-l-propenyl]triphenylphosphonium Bromide
(7): yield 95%; mp 232-238 °C (from CH2Cl2-EtOAc); IR (Nujol 
mull) 1540 (C=C), 1100 (CP), 750, 720, 685 (phenyl) cm“ 1; FDMS 
m/e (relative intensity) 358 (100, M +); CIMS (isopentane) m/e 358 
(100, M+).

[2-(Piperidin-l-yl)-l-propenyl]triphenylphosphonium  Bro
mide (8): yield 94%; mp 233-239 °C (from CH2Cl2-EtOAc); IR (Nujol 
mull) 1540 (C=C), 1100 (CP), 750, 745, 715, 690 (phenyl) cm“ 1; 
FDMS m/e (relative intensity) 386 (100, M+); CIMS (isopentane) 386 
(92.13, M+).

Compounds 9 and 10 were prepared by the following general pro
cedure. An aqueous solution of greater than 2 M excess of the amine 
hydrochloride was made strongly basic with sodium hydroxide. This 
solution was extracted several times with methylene chloride, and the 
extracts were dried over anhydrous MgS04 and then added to a slurry 
of 2 in methylene chloride in the same manner as for the preparation 
of 7 and 8. Addition to anhydrous ethyl ether, filtration, and vacuum 
drying provided the following yields (NMR data are reported else
where).4'

[2-(lV,IV-Dimethylamino)-l-propenyl]triphenylphosphonium 
Bromide (9): yield 82%; mp 208-214 °C (from CH2Cl2-EtOAc); IR 
(Nujol mull) 1560 (C=C), 1100 (CP), 760,745,715,690 (phenyl) cm '1; 
CIMS (isopentane) m/e (relative intensity) 346 (100, M+).

Anal. Calcd for C23H25BrNP (426.329): C, 64.79; H, 5.91. Found: 
C, 64.89; H, 5.75.

[2-(JV-Methylamino)-l-propenyl]triphenylphosphonium 
Bromide (10): yield 95.6%; mp 270-276 °C (from CH2Cl2-EtOAc); 
IR (Nujol mull) 1560 (C=C), 1110 (CP), 750, 720,690 (phenyl) c m '1; 
FDMS m/e (relative intensity) 332 (100, M+).

Alkylation o f Aniline with 3 or 4. A mixture of 3a, 4a, or 3b and 
aniline (molar ratio ~1:25) was stirred magnetically and heated to 70 
°C for 15 h. Addition of the resulting red solution to anhydrous ethyl 
ether (250 mL/mmol of phosphonium salt) with vigorous stirring 
produced the following respective products.

[2-(2-Anilinoethylamino) -1 -propenyljtriphenylphosphonium 
Bromide (13a): yield 96%; mp 204-214 °C (CH2Cl2-heptane); IR 
(Nujol mull) 3200 (NH), 1600 (phenyl), 1530 (C=C), 1500 (phenyl), 
1100 (CP), 760, 750, 740, 715, 685 (phenyl) cm“ 1; 4H NMR (CDC13) 
b 1.87 (s, 3, CH3), 3.1-3.8 (m, 4, CH2CH2), 3.84 (d, 1, =C(H )P , J PH 
~  14 Hz), 5.75 (brd s, 1, NHPh, exchanges quickly with D20), 6.4-7.3 
(m, 5, PhN), 7.3-7.9 (m, 15, PPh3), 8.64 (brd s, 1, NHC=, exchanges 
slowly with D20).

Anal. Calcd for C.>9H3oBrN2P (517.441): C, 67.31; H, 5.84. Found: 
C, 67.50; H, 5.54.

J . O rg. C h e m ., V o l. 4 3 , N o . 2 1 ,1 9 7 8  4213

[2-(2-Anilinocyclohexylam ino)-l-propenyl]triphenylphos- 
phonium Bromide (13b): yield 95%; mp 254-261 °C (CH2Cl2-  
EtOAc); IR (Nujol mull) 3200 (NH), 1590 (phenyl), 1540 (C=C), 1100 
(CP), 755, 740, 715, 685 (phenyl) cm "1; 4H NMR (CDC1S) b 1.1-2.3 
(m, 8, cyclohexyl ring), 1.68 (s, '3, CH3), 3.3-3.9 (m, 2, CHCH), 4.09 
(d, 1, =C (H )P , «/pH =* 15 Hz), 6.5-7.2 (m, 5, PhN), 7.2-7:9 (m, 15, 
PPh3), 8.4 (brd s, 1, NHC=); FDMS m/e (relative intensity) 491 (100, 
M+).

Anal. Calcd for C33H36BrN2P (571.53): C, 69.35; H, 6.35. Found: 
C, 69.86; H, 6.55.

(2-Methyl-2-pyrrolin-3-yI)triphenylphosphonium Bromide
(I4a). A round-bottom flask fitted with a reflux condenser was 
charged with 3.00 g (7.08 mmol) of 3a or 4a, approximately 0.4 mL of 
pyridine, and 100 mL of acetonitrile. The mixture was refluxed for 
24 h, after which time 300 mL of anhydrous ethyl ether was added. 
The resulting suspension was stirred vigorously (magnetic) for 15 min 
and then filtered. The filtrate was poured into 1500 mL of anhydrous 
ethyl ether. After stirring for 15 min, the mixture was filtered; the 
filter cake and gummy yellow residue left in the flask were dissolved 
in 100 mL of methylene chloride. Slow addition of this solution to 1500 
mL of anhydrous ethyl ether (with vigorous stirring) produced 1.95 
g (65%) of a yellow-white powder which was immediately placed in 
a vacuum oven (40 °C, 2-3 mm): mp 80-110 °C; IR (KBr) 3150 (H- 
bonded NH), 2850 (CH), 1550 (C=C), 1110 (CP), 760, 720, 690 
(phenyl) cm-1; 4H NMR (CDC13) 5 1.73 (brd s, 3, CH3), 2.67 (brd t,
2, CH2 at 4 position, J Hh ^  10 Hz), 3.85 (brd t, 2, CH2 at 5 position, 
J HH =* 10 Hz), 7.5-8.1 (m, 15, C6H6), 8.53 (brd s, 1, NH, D20  ex
changeable); FDMS m/e (relative intensity) 344 (100, M+); CIMS 
(isopentane) m/e 344 (100, M+).

(2-Phenyl-2-pyrrolin-3-yl)triphenylphosphonium Bromide 
(14b). In a round-bottom flask fitted with a reflux condenser was 
placed 1.00 g (2.06 mmol) of 6,5 drops of pyridine, and 50 mL of ac
etonitrile. The mixture was refluxed for approximately 15 h and then 
cooled and added slowly to 900 mL of anhydrous ethyl ether. The 
white precipitate which was filtered off, after vacuum oven drying, 
weighed 0.89 g (89%), mp 212-217 °C dec. After five recrystallizations 
from methylene chloride-ethyl acetate, the product melted at 234-236 
°C: IR (KBr) 3150 (H-bonded NH), 2930, 2850 (CH), 1580 (phenvl), 
1550 (C=C), 1110 (CP), 770, 750, 720, 695 (p.enyl) cm“ 1; >H NMR 
(CDC13) b 2.85 (brd t, 2, CH2 at 4 position, J hh — H  Hz), 4.10 (brd 
t, 2, CH2 at 5 position, J hh — H Hz), 6.8-7.5 (m, 5, Ph), 7.5-8.4 (m, 
16, PPh3 and NH); FDMS m/e (relative intensity) 406 (100, M+).

Anal. Calcd for C28H25BrNP (486.390): C, 69.14; H, 5.18. Found: 
C, 68.99; H, 5.76.

Preparation of 16. To a slurry of 2 in methylene chloride (12.5 
mL/g of 2), kept at 0 °C, was added the appropriate 2-vinylaziridine 
15 (1.01 mol/mol of 2) in methylene chloride (12.5 mL/g of 2) over the 
period of time specified in Table III. The mixture was allowed to warm 
to room temperature and was then poured into anhydrous ethyl ether 
(250 mL/g of 2) with vigorous stirring. Filtration and vacuum drying 
(2-3 mm, 40 °C) provided the crude products listed below, which were 
recrystallized from methylene chloride-ethyl acetate. 13C NMR data 
are listed in Table II; percent yield and melting point data are listed 
in Table III.

[(5,7-Dimethyl-6-phenyl-2fM,3,4,7-tetrahydroazepin-2-yli- 
dene)methyl]triphenylphosphonium Bromide (16a): IR (KBr) 
3170 (NH), 3070, 3050, 3020, 2960, 2890 (CH), 1580 (C=CH), 1101 
(CP), 763,750, 713,700,690 (phenyl) c m '1; 4H NMR (CDC13) b 1.27 
(s, 3, =C C H 3), 1.38 (d, 3, CH3, J hh «  7.2 Hz), 1.6-2.0 (m, 2, CH2),
2.3-2.7 (m, 2, CH2) 4.3-4.9 (brd m, 1, HCN), 5.44 (d, 1, =C(H )P, J PH 
=s 16.8 Hz), 7.0-8.1 (m, 20, C6H5), 9.80 (brd d, 1, NH, J HH =^7.2 Hz); 
CIMS (isopentane) m/e (relative intensity) 474 (100, M+).

Anal. Calcd for C33H33BrNP (554.515): C, 71.48; H, 6.00. Found: 
C, 71.65; H, 5.93.

[(6-Phenyl-7-methyl-2ff-l,3,4,7-tetrahydroazepin-2-yli- 
dene)methyi]triphenylphosphonium Bromide (16b): IR (KBr) 
3230, 3140 (NH), 1640 (C=C), 1600 (C=CN ), 1110 (CP), 785, 765, 
750, 734, 721,715,695,690 (phenyl) cm“ 1; H NMR (CDC13) b 1.44 (d,
3, CH3, J hh ~  7 Hz), 1.6-2.9 (m, 4, CH2CH2), 4.6-5.0 (m, 1, CHN),
5.30 (d, 1, =C(H)P, J PH «  16.2 Hz), 5.49 (t, 1, =C(H)C, J hh -  5 Hz),
7.25 (s, 5, C6H5), 7.4-8.1 (m, 15, P(C6H5)3), 9.70 (brd d, 1, NH, J hh 
^  6 Hz); FDMS m/e (relative intensity) 460 (100, M+).

Anal. Calcd for C32H31BrNP (540.489): C, 71.11; H, 5.78. Found: 
C, 71.29; H, 6.04.

[(lfi-2,3,4,6,7,8,9,9a-Octahydro-l-benzazepin-2-ylidene)- 
methyl] triphenyl phosphonium Bromide (16c): IR (KBr) 3220 
(NH), 1595 :NC=C), 1105 (CP), 750, 715, 690 (phenyl) cm“ 1; 4H 
NMR (CDClj) b 1.0-3.0 (m, 12, alkyl H’s), 3.85-4.35 (m, 1, CHN), ~5.3 
(m under =C(H )P, 1, =C(H )C), 5.47 (d, 1, =C (H )P , J PH s  17 Hz),
7.5-8.2 (m, 15, CeHs), ~9 (brd d 1, NH); FDMS m/e (relative inten
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sity) 424 (100, M+).
Preparation o f 17. A mixture of 5, the appropriate vinylaziridine 

15 (1.05 mol/mol of 5), and acetonitrile (15 mL/g of 5) was refluxed 
for the time specified in Table III. After cooling, the mixture was 
added to anhydrous ethyl ether (250 mL/g of 5) with stirring. Filtra
tion and vacuum drying (2-3 mm, 40 °C) provided the crude products 
listed below, which were recrystallized from methylene chloride-ethyl 
acetate. 13C NMR data are listed in Table II; percent yield and melting 
point data are listed in Table III.

(2,7-Dimethy 1-3-phenyl-1 f/-2,.5-dihydroazepin-8-yl)triphen- 
ylphosphonium Bromide (17a): IR (KBr) 3220 (NH), 1615 (C=C), 
1555 (NC=C), 1101 (CP), 765, 756, 750, 715,690 (phenyl) cm "1; :H 
NMR (CDC13) 6 1.64 (d, 3, CH3, J hh =* 7.2 Hz), 1.81 (s, 3, = C C H 3),
2.2-3.2 (m, 2, CH2), 4.8-5.2 (m, 1, CHN), 5.85 (t, 1, =C(H )C , J hh -
8.4 Hz), 7.1-8.0 (m, 20, C6H5), 8.86 (dd, 1, NH, J, =* 6 Hz, J 2 =; 5 Hz); 
FDMS m/e (relative intensity) 460 (100, M+).

Anal. Calcd for C32H31BrNP-H20  (558.497): C, 68.82; H, 5.96. 
Found: C, 69.44; H, 5.98.

(2,4-Dimethyl-3,7-diphenyl-lff-2,5-dihydroazepin-6-yl)tri- 
phenylphosphonium Bromide (17b): IR (KBr) 3350, 3230 (NH), 
3060, 2990, 2840 (CH), 1630 (C=C), 1540,1510 (NC=C), 1101 (CP), 
767,759,710,695 (phenyl) cm "1; :H NMR (CDC13) 5 1.14 (d, 3, CH3, 
J hh =* 5.4 Hz), 1.58 (s, 3, CH3), 2.0-2.9 (m, 2, CH2), 5.4-5.8 (m, 1, 
CHN), 6.9-8.5 (m, 26, C6H5’s and NH).

Anal. Calcd for C38H35BrNP (615.579): C, 74.02; H, 5.72. Found: 
C, 74.14; H, 5.60.

(2-M ethyl-3,7-diphenyl-lii-2,5-dihydroazepin-6-yl)triphen- 
ylphosphonium Bromide (17c): IR (KBr) 3200 (NH), 3060, 3000, 
2940,2890 (CH), 1630 (C=C), 1525 (NC=C), 1105 (CP), 760,720,710, 
695 (phenyl) cm -1; iH NMR (CDC13) b 1.61 (d, 3, CH3, J HH <=* 6.6 Hz),
3.15 (dd, 2, CH2, J p h  — 12 Hz, J h h  — 7.8 Hz), 5.1-5.6 (m, 1, CHN),
6.02 (t, 1, =C(H )C, J HH =* 7.8 Hz), 6.5-8.2 (m, 26, C6H5’s and NH); 
FDMS m/e (relative intensity) 522 (100, M+).

Alkylation of 14, 16, and 17. To a solution of 14, 16, or 17 in di
methyl sulfoxide (̂—0.3 M) under dry nitrogen was added an equimolar 
amount of sodium hydride (as a 57% mineral oil dispersion). The 
mixture was stirred for 1 h before adding the appropriate alkylating 
agent (~3 mol/mol of phosphonium salt). After stirring overnight, the 
mixture was added to anhydrous ethyl ether (75 mL/mL of Me2SO) 
with stirring. A gummy precipitate formed, from which the ethereal 
supernatant was decanted. The residue was triturated with a few 
milliliters of methylene chloride and filtered into anhydrous ethyl 
ether (~50 mL/mL of CH2C12) with vigorous stirring. Filtration 
provided the crude product.

Purification of 18 was effected in the following manner. The crude 
product was dissolved in methylene chloride (~10 mL/g of phos
phonium salt) and then added with stirring to ethyl acetate (~500 
mL/g). The mixture was filtered, and the filtrate was poured into 
anhydrous ethyl ether (~1500 mL/g) with stirring. The purified 
product was filtered.

Purification of 19 or 20 was effected in the following manner. The 
crude product was dissolved in excess methylene chloride (n mL) and 
added to ethyl acetate (n mL). The methylene chloride was removed 
by boiling until a slight cloudiness appeared. The mixture was allowed 
to cool, and the supernatant liquid was poured into anhydrous ethyl 
ether (2n mL). Purification provided purified phosphonium salt. 13C 
NMR data of 19 and 20 are reported in Table II. Other data are as 
follows.

(1 -Benzyl-2-methyl-2-pyrrolin-3-yl)triphenylphosphonium 
Bromide (18): yield 67 (crude) and 35% (purified); mp 188-204 °C; 
IR (KBr) 3060 ( CH), 1590 (phenyl), 1545 (C=C), 1110 ( CP), 760,720, 
695 (phenyl) cm-1; !H NMR (CDC13) b 1.75 (s, 3, CH3), 2.58 (brd t, 
2, CH2 at 4 position, J hh ^  10 Hz), 3.75 (brd t, 2, CH2 at 5 position, 
J HH ~  10 Hz), 4.62 (brd s, 2, NCH2Ph), 7.40 (s, 5, C6H5), 7.0-8.2 (m, 
15, P(C6H5)3); CIMS (isopentane) m/e (relative intensity) 434 (54.71, 
M+).

[(m-Chlorobenzyl)-(6-phenyl-7-methyl-2H-l,3,4,7-tetrahy- 
droazepin-2-ylidene)methyl]triphenylphosphonium Bromide
(19): yield 64% (crude); mp 140-155 °C dec (purified); IR (KBr) 3200 
(NH), 1625 ( C=C ), 1570 (NC=C), 1101 (CP), 757,720,692 (phenyl) 
cm -'; !H NMR (CDC13) 5 1.51 (d, 3, CH3, J HH =* 7.8 Hz), 1.4-2.1 (m, 
2, CH2), 2.4-3.0 (m, 2, CH2), 3.96 (d, 2, CH2Ar, J PH ^  20.4 Hz), 5.1-5.7 
(m, 2, =C(H )C  and CHN), 6.7-8.3 (m, 24, aromatic H’s), 8.65 (brd 
d, 1, NH, J hh — 6 Hz); FDMS m/e (relative intensity) 584 (100, M+ 
from 35C1), 586 (61, M+ from 37C1).

Anal. Calcd for C39H36BrClNP-H20  (683.066): C, 68.58; H, 5.60. 
Found: C, 68.49; H, 5.48.

[(l-(m -Chlorobenzyl)-2,7-dim ethyl-3-phenyl-lfi-2,5-dihy- 
droazepin-6-yl]triphenylphosphonium Bromide (20): yield 59% 
(crude); mp 140-160 °C dec (purified); IR (KBr) 3060, 3040, 2940 
(CH), 1620 (C=C), 1600 (phenyl), 1530 (NC=C), 1101 (CP), 750, 715,

695 (phenyl) cm“ 1; JH NMR (CDC13) b 1.21 (d, 3, CH3, J HH ^  5.4 Hz),
1.5- 2.2 (m, 2, CH2), 2.11 (s, 3, CH3), 3.8 (brd s, 2, CH2Ar), 4.8-5.2 (m, 
1, CHN), 5.5-6.0 (m, 1, =C(H )C), 6.8-8.4 (m, 24, aromatic H’s).

Anal. Calcd for C39H36BrClNP-H20  (683.066): C, 68.58; H, 5.60. 
Found: C, 68.64; H, 5.40.

2-M ethyl-3-(m -nitrobenzylidene)-l-pyrroline (21a). In a
round-bottom flask fitted with a reflux condenser and an addition 
funnel was placed 1.00 g (2.36 mmol) of 14a, 0.45 g (2.98 mmol) of 
m-nitrobenzaldehyde, and 10 mL of absolute ethanol. While stirring 
magnetically, 0.060 g (2.6 mmol) of sodium dissolved in 20 mL of ab
solute ethanol was added from the addition funnel over a 1-h period. 
After stirring at room temperature for 20 h, the volume was reduced 
(in vacuo) to approximately 2 mL and 100 mL of ethyl ether added. 
The resulting mixture (including the precipitate) was washed twice 
with 40 mL of water and then shaken for about 3 min with 50 mL of 
10% HC1 solution. The aqueous acid layer was washed successively 
with 50 mL of ethyl ether and 50 mL of ethyl acetate. The aqueous 
layer was basified with 20% sodium hydroxide solution (aqueous), and 
the resulting mixture (including the precipitate) was extracted with 
two 100-mL portions of ethyl ether. The combined ether extracts were 
dried (anhydrous MgS04) and filtered, and the ether was removed 
in vacuo to provide 0.43 g (84%) of crude product: mp 154-157 °C 
(after four recrystallizations from acetone-water); IR (KBr) 3100, 
2920, 2850 (CH), 1600,1590 (C=N , C =C ), 1510,1350 (N 02) cm“ 1; 
!H NMR (CDC13) 5 2.33 (t, 3, CH3, J HH ^  1-5 Hz), 3.02 (td, 2, CH2 
at 4 position, ‘ J h h  — 5.7 Hz, dJ HH — 3 Hz), 4.0-4.5 (m, 2, CH2 at 5 
position), 7.05 (t, 1, =C(H)Ar, J HH =* 3 Hz), 7.7-8.9 (m, 4, C6H4N 02); 
EIMS m/e (relative intensity) 216 (100 M+).

Anal. Calcd for C12Hi2N20 2 (216.24): C, 66.65; H, 5.60. Found: C, 
66.41; H, 5.49.

2-M ethyl-l-(o-hydroxybenzylidene)-l-pyrroline (21b). So
dium hydride (57% mineral oil dispersion; 0.10 g, 2.38 mmol) and 14a 
(1.00 g, 2.36 mmol) were stirred in 5 mL of dimethyl sulfoxide over 
nitrogen for 1 h. Salicylaldehyde (0.35 g, 2.87 mmol) was then added 
in one portion, and the mixture was stirred for approximately one day. 
The dark red solution was then poured into 100 mL of water and 
stirred vigorously. The resulting emulsion was extracted thrice with 
100 mL of ethyl acetate, the extracts were dried (anhydrous MgS04), 
and the solvent was removed in vacuo. The residue was dissolved in 
a minimum quantity of hot benzene and allowed to cool overnight. 
Orange-yellow spines (0.11 g, 25%) were recovered by filtration after 
two recrystallizations from methanol-water: mp 195-198 °C; IR (KBr) 
3070 (weak, H-bonded OH), 2940, 2880, 2860 (CH), 2600 (broad, > 
N+H), 1600,1590,1575 (C=N , C =C , and phenyl), 1251 (C-O), 750 
(phenyl) cm-1; 'H NMR (Me2SO-dfi) b 2.15 (t, 3, CH3, J hh — 1-5 Hz),
2.6- 3.0 (m, 2, CH2 at 4 position), 3.7-4.1 (m, 2, CH2 at 5 position),
6.7- 7.9 (m, 6, =C(H )Ar, phenolic OH, or >N+H and aromatic H’s); 
EIMS m/e (relative intensity) 187 (10.81, M+), 186 (72.68, M+ -  
1).

Anal. Calcd for Ci2Hi3NO (187.241): C, 76.98; H, 7.00. Found: C, 
76.72; H, 7.11.

2,4-Dimethyl-3-phenyl-7-[2-(m-nitrophenyI)ethenyl]-2JJ- 
5,6-dihydroazepinium Chloride (22). A procedure similar to that 
used for the preparation of 21a was employed with the following ex
ceptions. After evaporating the ethanol solution to 1-2 mL and adding 
50 mL of ethyl ether, the resulting mixture was washed twice with 20 
mL of water. The ether layer was then placed in an Erlenmeyer flask 
with 25 mL of 10% hydrochloric acid, and the mixture was vigorously 
stirred for at least 15 min. The thick paste which formed was collected 
and triturated with 10 mL of ethanol. Filtration provided 0.10 g of 
crude product [29%; from 0.55 g (0.99 mmol) of 16a, 0.03 g (1.33 mmol) 
of sodium, and 0.19 g (1.3 mmol) of m-nitrobenzaldehyde]. An ana
lytical sample was obtained after three recrystallizations from etha
nol-benzene: mp 210-220 °C dec; IR (KBr) 3040, 2960, 2930, 2860 
(CH), 2600 (broad, N+H), 1630 (C=N ), 1615 (C=C), 1532, 1352 
(N 02), 832, 810, 795, 769, 738, 710 (aromatic) cm“ 1; 'H NMR 
(CDC13-CF3C 02H) b 1.55 (d, 3, CH3, J HH =* 7 Hz), 1.65 (s, 3, CH3),
2.87 (brd t, 2, CH2, J HH ^  5.4 Hz), 3.68 (d, 2, CH2, J HH 5.4 Hz),
5.1-5.7 (m, 1, CHN), 7.08-8.9 (m, 12, aromatic H’s, HC=CH, and 
N+H).

Anal. Calcd for C22H23C1N20 2 (382.889): C, 69.01; H, 6.05. Found: 
C, 69.14; H, 6.31.

A c k n o w le d g m e n t .  W e  w ould  like to  thank Drs. D av id  L. 
D alrym ple and R oger C recely  for  obta in in g  and help ing  to  
in terpret the 13C  N M R  data.

Registry No. — la, 151-56-4; lb, 286-18-0; lc , 1499-00-9; Id, 
51659-22-4; 2, 2091-46-5; 3a, 66966-54-9; 3b, 66966-55-0; 3d, 67011- 
18-1; 4a, 66966-56-1; 4b, 66966-57-2; 4c, 66966-58-3; 5a, 34387-64-9; 
5b, 54599-98-3; 6, 66966-69-6; 7, 66966-70-9; 8, 66966-71-0; 9,
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Table 1 .13C NMR and 'II NMR Data Used in the 
Assignment of the C4 Stereochemistry in Compounds 11, 
_________________________ 14, and 15 _____________________

13C NMR, 5 XH NMR, 5
_________ Me C4 Me H6 H2
1 1 a 19.5 79.1 1 . 1 3.1
lib 1.3 >2.3
14a 20.1 78.9 1.2 3.2 2.9
14b 27.9 70.6 1.4 2.4 3.3
15 22.3 79.5 0.4 3.3

The C4 stereochemistry of the two isomers (a and b) of the 
alcohol 14 was assigned on the basis of comparison of their *H 
NMR and 13C NMR spectra (Table I). Compound 14a pos
sesses a methyl group which is more hindered than in 14b. Its 
13C resonance was therefore found at higher field (20.1 ppm) 
than the similar carbon atom in 14b (27.9 ppm). The same 
phenomenon was observed in the 1H NMR spectrum for the 
methyl protons (respectively 5 1.2 in 14a and <5 1.4 in 14b). In 
addition, H6 is more shielded in 14a (<5 3.2) than in 14b (5 2.4)6 
and there was a marked difference in the position of the res
onance for the benzylic protons H2 in the two isomers, these 
effects being due to the influence of the hydroxylic group.7 
Similar H6 shifts in the 1H NMR spectra of 11a, 14a, and 15 
were observed. The same trend was noted for the methyl group 
shift in 13C NMR and ‘H NMR spectra.

These results show that 11a, 14a, and 15, which are the 
major isomers formed by irradiation, possess the same C4 
stereochemistry, whereas lib and 14b have the opposite C4 
configuration. It must be noted that the 14b quaternary car
bon C4 signal in the 13C NMR spectrum was surprisingly de- 
shielded relative to that for 14a. Contrary to the acyclic ¡3- 
phenyl ketones described by Whitten,2 compounds 3,4,5, and 
6 show fluorescence emission in acetonitrile. The phospho
rescence spectra of those ketones taken at 77 K permitted the 
evaluation of their triplet energy (~  74 kcal/mol).

A. Photochemistry of the Exo Isomers 1, 3, and 5. In 
acetonitrile exo A -acetylnorbornane (1) was observed to un
dergo complete conversion to a mixture of norbornene (7) and 
norbornane (8). Irradiation of 3 resulted in the formation of

endo-phenylnorbornane (9), while the exo,cis isomer 5 proved 
to be quite stable under irradiation.

B. Photochemistry of the Endo Isomers 2, 4, and 6. 
endo -1- Acetylnorbornane underwent three types of reaction: 
Norrish type I (NI) (leading to 7 and 8), Norrish type II (Nil) 
photoelimination (leading to 10, which disappeared upon

prolonged irradiation), and photocyclization [leading to the 
two isomers (a and b) of 4-methyltricyclo[3.2.1.03’6]octan-4-ol
( 11)1.

Irradiation of endo-2-acetyl-3-phenylnorbornane (4) re
sulted in the formation of the photoelimination product 13 
and to the mixture of the two isomers (a and b) of the tricyclic 
alcohol 14.

Endo,cis isomer 6 underwent photoelimination (leading to
13) and photocyclization, which gave only one isomer of the 
tricyclic alcohol 15.

13 +

15

II. Mechanistic Studies. Degassed 0.01 M solutions of 
ketones 1-6 contained in UV cells were irradiated by a 313-nm 
line produced by a monochromator. Light intensities were 
measured by ferrioxalate actinometry. Product yields were 
determined by analytical VPC for conversion of <10% in ac
etonitrile solutions. The quantum yields (4>) are given in Table 
II. The reactivity of ketones 1-6 was also investigated in the 
presence of high concentrations (0.2 M) of c(s-l,3-pentadiene 
(piperylene), and the quantum yields ($q) were determined. 
No quenching of the type II elimination process occurred in
2,4, or 6 at concentrations up to 0.6 M.

Linear Stern-Volmer plots for quenching of alcohols 11,14, 
and 15 could not be obtained owing to the very small value of 
their quantum yield formation, but were obtained for 
quenching of norbornane (8) from the endo ketone 2 and 
phenylnorbornane (9) from 3.

The quantum yields for triplet sensitized cis-trans isom
erization of piperylene by the different ketones were measured 
as a function of diene concentrations. Good correlation of 
l /$ c^t vs. l/[diene] was obtained for every ketone except 1. 
From these plots, the triplet lifetimes (tt) and intersystem 
crossing quantum yields (<l>isc) were obtained.8 In the case of 
1 the lack of correlation was possibly due to a consumption of 
piperylene by ketone.

Quantum yields of sensitized reactions (<l>sensl were deter
mined in acetonitrile-acetone mixture) 1 M).9

All the results are summarized in Table II.

Discussion
I. Photochemical Behavior of e x o -  and e n d o -Acetyl

norbornane (1 and 2). A. exo-Acetylnorbornane (1) in 
Acetonitrile. The exo ketone bearing a 7 hydrogen gave 7 and 
8 essentially via the ketone triplet state.12 The formation of 
this saturated compound was unusual in the NI reaction. 
However, Sauers3 obtained this type of compound after irra
diation of acetylbenzoylnorbornane. Sauers3 considered that 
the hydrogen originates from a radical pair disproportiona
tion, giving the saturated compound and ketene, rather than 
from the solvent used (cyclohexane). We tested this possibility 
using the trideuterated ketone 16. The recovered saturated

16

product was found to contain no deuterium. We concluded 
that acetonitrile (a poor hydrogen-donating solvent) was the 
hydrogen source, this being allowed by the unusually high 
degree of strain associated with a norbornene double bond
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starting
__________________________________ Table II. Quantum Yields and Quenching Data*

compd product $ ^sens *a $i-BuOHa î9C T, S6
1 7 0.024 ±  0.005 0.9 2 X 10“ 9

8 0.64 ±  0.1 0.014 ±  0.002 0.014c ±  0.003
3 9 0.28 ±  0.07 0.05 ±  0.005 1 6 X lO“ 9
5 0.7 2 X 10~8
2 7 0.0038 ±  0.0005 0.2 1.8 X 10-8

8 0.14 ±  0.01 0 0
10 0.096 ±  0.01 0 0.10d ± 0.01 0.12 ±  0.01

l la ,b 0.026 ±  0.001 0.006 ±  0.001 0.020 ±  0.001 0.027 ±  0.002
4 9 0.3 5 X 10-®

13 0.22e ±  0.05 0.058 ±  0.005 0.23 ±  0.02
14a,b 0.024t i  0.005 0.19« ±  0.04 0.007 ±  0.001 0.0079

6 13 0.059 ±  0.004 0.0034 ±  0.0005 0.055 ±  0.005 0.04 0.2 9 X 10- 9
15 0.012h ±  0.001 0.027 ±  0.005 0.004 ±  0.001 0.01 ±  0.001

a Quantum yields were determined in a 2:1 mixture of acetonitrile-ierf-butyl alcohol.10 Added t-BuOH had no influence on the 
results obtained in acetonitrile, due to an insufficient difference in polarity between the two solvents. b Calculated from slope of 1 / 4>c_ „t 
vs. l/[diene] taking feq(CH3CN) = 2.9 X 1010 L/mol • s.11 c Up to 0.6 M in piperylene. d The photolabile ketone 10 was stable in the 
presence of piperylene, which explains the higher quenched quantum yields observed and results in its preparation in a very good 
yield. e This value is approximate, since 13 was not completely stable under irradiation, t The ratio 14a/14b in acetonitrile (3.2) and 
in an acetonitrile-acetone mixture (3.2) was determined after purification by column chromatography. g This result is incompatible 
with the intersystem crossing quantum yield. A possible explanation could be that acetone, which is used in large excess, generates 
important solvent effects. h The formation of the single hindered isomer of the alcohol 15 in this reaction was not surprising if one 
considers that there was a solvation of the biradical intermediate, which prevented the cyclization leading to the endo -hydroxyl group 
isomer. 1 Registry no.: 1, 824-59-9; 2, 824-58-8; 3, 67271-49-2; 4, 67335-59-5; 5, 67335-58-4; 6, 67335-60-8; 7, 498-66-8; 8, 279-23-2; 9, 
17989-94-5; 10, 60443-42-7; 11a, 67271-50-5; lib, 67335-61-9; 13, 67271-51-6; 14a, 67271-52-7; 14b, 67335-62-0; 15,67335-63-1.

Table III. Ratios of the Isomeric Alcohols 11 According 
____________to the Carbonyl Excited States

CH3CN i-BuOH
CH3CN 

+ piperylene
c h 3

+ acetone
Ua + lib 0.026 0.027 0.020 0.006
11a 0.021 0.021 0.017
lib 0.0056 0.006 0.003
l la /l lb 3.8 3.5 5.1 1.7

formation. As expected, the norbornene quantum yield in 
benzene (a very poor hydrogen donating solvent) was greater 
(0.24) than in acetonitrile.12b

B. Comparison between exo-Acetylnorbornane (1) and 
exo-Benzoylnorbornane (17).4 The behavior of ketone 1 was 
different from that of the corresponding aryl ketone (17)

studied by Lewis,4 which gave exclusively type II photoelim
ination in benzene.

Lewis showed that Nil was much more efficient in the endo 
isomer 18 than in the exo isomer 17 18/17) = 500] and that
this reflects conformational or stereoelectronic requirements 
for y-hydrogen abstraction. The rigid bicycloalkane structure 
allows the carbonyl oxygen to come within 1.7 A of the endo 
y-H and more than 2.2 A in the exo isomer.4

The same steric requirements exist in the exo-1 isomer, 
which follows the NI pathway. We think that this photo
chemical behavior could be explained through energy con
siderations. The triplet energy of the excited ketones 1 and 
3 (~78 kcal/mol) is located on a chromophore (-COCH3) and 
is high enough to break the C-C bond. The triplet energy of 
aromatic ketone is much lower and spread over a larger

chromophore (-COPh), which does not allow C-C bond rup
ture: y-hydrogen abstraction is then the preferred reaction 
pathway followed by these ketones.26 A result favoring this 
hypothesis was obtained with the exo ketone 3 (triplet energy 
~74 kcal/mol). Here again, only the NI reaction was observed, 
but with a lower efficiency (0.28) than in ketone 1.

C. Photochemical Behavior of endo-Acetylnorbornane
(2). Photoelimination and cyclization reactions compete with 
the Norrish type I due to the favorable conformation for y-H 
abstraction. The elimination reaction occurs almost exclu
sively from the singlet excited state and could not be sensitized 
by acetone.9 In the cyclization reaction, however, a slight 
sensitization by acetone was possible. It must be pointed out 
that we observed a variation in the ratio of the isomeric alco
hols 11, depending on the carbonyl excited state (1.7 in the 
triplet state and 5.1 in the singlet state in acetonitrile in the 
presence of piperylene) (Table III).

The same stereoselectivity originating from the singlet 
excited state has already been observed by Turro14 in the 
photocyclization of 1-adamantylacetone. This observation was 
consistent with a singlet short-lived biradical undergoing 
rehybridization on the y-C resulting in a preferential rotation 
and closure to 11a. The absence of stereoselectivity in the

triplet state may be due to the longer triplet biradical lifetime 
which could attain its preferential conformation before closure 
(cf. ref 14).

II. Phenyl Group Influence on Carbonyl Reactivity in 
Correlation with Relative Geometry of Both Chromo- 
phores in Ketones 3-6. A. Triplet Deactivation. Ketones 
3-6 allow one to compare in the same system the three classical 
types of intramolecular ketone reactions, i.e., NI, Nil, and 
photocyclization. As shown in Table II, the greatest influence 
of the /3-phenyl group was observed for the type I reaction. 
Thus, norbornane (8) was formed essentially from the triplet 
either from the exo- 1 or endo- 2 isomer with good quantum
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yields (respectively 0.64 and 0.14). For the trans,exo-acetyl- 
phenylnorbornane (3), the reaction was purely triplet but the 
quantum yield formation of 9 was lower (0.28). As before, we 
attributed this smaller value to the lower triplet energy level 
of the /9-phenyl ketone relative to 1. In the trans,endo ketone 
4, the type II and cyclization reactions are favored, since 
practically no NI product was detected. For the cis isomers 
neither exo- 5 nor endo- 6 underwent type I reaction, although 
their triplet is formed in good yield.

Nil elimination occurs mostly via the singlet state, but 
sensitizing experiments showed that there was a greater par
ticipation of the triplet state in the trans isomer 4 (Tsens/<I> =
0.27) than in the cis isomer 6 ('i,aens/4l = 0.057).

Quenching experiments showed that photocyclization re
actions occurred mostly via the triplet state of excited ketones. 
As in the NI and Nil reactions, we observed a deactivation of 
those triplets only for the cis isomers (11, $ = 0.026; 14, $ =
0.024; 15, $ = 0.012).

These results show that a considerable through-space in- 
terchromophoric coupling exists which provides a channel for 
rapid radiationless deactivation of the triplet. Such a coupling 
has been proposed by Whitten2 and by Wagner and Sternitz 
in the /9-phenyl aromatic ketones.lb’c This coupling could 
proceed via a n-type exciplex as proposed in the case of the 
benzophenone triplet quenching by aromatic solvents.16 The 
radiationless deactivation of this exciplex leads to the 
ground-state molecule, and the cis geometry of 5 and 6 offers 
very favorable conditions for its formation. Thus ultraviolet 
spectra of these compounds showed important perturbations 
which are not observed in the trans isomers 3 and 4, for which 
there is no possibility of such coupling (see Experimental 
Section). In acyclic /3-phenyl ketones there is no important 
phenyl-carbonyl interactions in the ground state.1® However 
these take place in the excited state, implying preferential 
conformations for orbital overlap of the two chromophores.

It appears that 7 -hydrogen abstraction by excited triplet 
ketone is not completely prevented by the cis-/9-phenyl group, 
contrary to the Norrish I reaction. This fact could be due to 
a difference in activation energy between the two reactions. 
An alternate explanation could be that there is considerably 
more ionic character in the transition state for the NI reaction 
than for 7 -hydrogen abstraction in alkanones, as in the case 
of aromatic ketones.16

The rc-type exciplex tends to prevent bond breaking and 
thus disfavors the NI reaction, since the half-filled n orbital 
of the ketone is directed toward the aromatic electrons.

B. Singlet Deactivation. As shown in Table II, the major 
reaction pathway observed for the endo isomer occurs in the 
singlet state. Here again, we only observed a quantum yield 
decrease for the cis isomer (4> in 2 = 0.096; in 4 = 0.22; in 6 =
0.059). This nonradiative decay from singlets of /9-phenyl 
ketones in the course of the Nil elimination has been exten
sively studied by Whitten in acyclic ketone systems.2 This 
author concluded that there is significant through-space 
coupling between the two chromophores in the singlet state. 
Our comparative results obtained with endo ketones 4 and 6 
agree with this type of coupling as in the triplet manifold.

III. Intersystem Crossing Quantum Yields in Acetyl- 
norbornane Derivatives. Our results showed that there was 
a striking difference in the 4>isc value between the exo- 1 (0.9) 
and endo- 2 (0.2) isomers. The decrease observed could be due 
to the availability of the 7 -H in the endo ketone, which re
sulted in an increase in chemical reactivity from the singlet 
state and in radiative or nonradiative decay from this state.17

The presence of a phenyl group in the cis or trans endo ketones 
4 and 6 resulted in no change in the $;sc. In the exo compounds 
3 and 5, in which 7 -H is less available, the low <tisc value (0.6) 
observed in the cis compound is due to the proximity of the 
phenyl group, which offers a different deactivating process 
from the singlet state (via the n-type exciplex).

Summary
The system studied has allowed us to compare the intra

molecular influence of a phenyl group on the carbonyl reac
tivity of the three types of ketone photoreactions: NI, pho
toelimination, and photocyclization. Nothing was known 
about the phenyl influence on the latter.

It has been shown that deactivation of both singlet and 
triplet excited states occurs only when the two chromophores 
are in the cis position. This geometry favors the n-type exci
plex formation, which provides a way for rapid radiationless 
deactivation of excited states. Finally, it has been found that 
NI is more subject to the presence of the cis- phenyl group than 
photocyclization, the other triplet reaction.

Experimental Section
Infrared spectra (IR) were determined in CHCI3 solutions on a 

Perkin-Elmer Model 257 spectrometer; ultraviolet (UV) spectra were 
recorded on a Bausch and Lomb Spectrometric 505, in ethanol as 
solvent. Nuclear magnetic resonance (NMR) data were obtained from 
a Varian Model T60 or a Perkin Elmer R12 spectrometer in CCI4 or 
CDCI3 solutions. 13C nuclear magnetic resonance (13C NMR) spectra 
were obtained on a Brucker HFX-90 MHz NMR spectrometer in 
CDCI3 solutions. Chemical shifts are reported in <5 (ppm) from the 
internal standard Me4Si. Mass spectra (MS) were recorded on a MS9 
spectrometer. Vapor-phase chromatograms (VPC) were obtained 
from a Girdel 75 model on the following columns: A, 5% OVj (300 X
0.6 cm); B, 8% QFi (300 X 0.6 cm); C, 20% dd'-ODPN (300 X 0.6 cm). 
Relative retention times Gr) refer to the ratios of retention times of 
formed products to the corresponding starting product. Analyses were 
carried out in the Service Central de Microanalyse du CNRS. Melting 
points were uncorrected. All experiments were carried out under ni
trogen.

exo-2-Acetylnorbornane (1) was prepared according to Stock
mann.18 Pure product (4.6 g, 33 mmol, 67%) was obtained after 
chromatography on silica gel (5% ether in pentane) from 4.6 g of 
norbornene (49 mmol): UV Amax 280 nm (c 27); NMR (CDCI3) 8 2.16 
(s) in a multiplet between 2.0 and 2.8 (5 H), 1-1.9 (m, 9 H); 13C NMR 
8 28.7 (q, Me), 29.0,29.9 (t, C5, C6), 32.5 (t, C3), 36.0 (t, C7), 36.2 (d, C4),
40.0 (d, Ci), 55.0 (d, C2), 209.0 (s, C=0).

endo-2-Acetylnorbornane (2). endo-2-Norbornanecarboxylic
acid (2.97 g, 21.2 mmol), prepared according to the literature,19 was 
treated with MeLi in anhydrous ether. Workup and chromatography 
on silica gel (5% ether in pentane) gave 2.1 g (15.2 mmol, 72%) of 2:20 
UV Xmai 280 nm (e 24); NMR (CDC13) 5 2.08 (s) in a multiplet between
1.0 and 2.1 (12 H), 2.2-3 (m, 2 H); l3C NMR 8 24.5 (t, C6), 29.1,29.7 
(t, C5-C3), 29.6 (Me), 37.2 (d, C4), 40.4 (d, CO, 40.7 (t, C7), 54.8 (d, C2),
210.0 (s, C=0).

exo-2-Acetyl-eJido-3-phenylnorbornane (3). endo-3-Phenyl- 
norbornene-2-exo-carboxylic acid (4.2 g, 19.8 mmol), prepared ac
cording to the literature,21 was dissolved in 70 mL of anhydrous ether 
in a three-neck flask equipped with a magnetic stirrer, reflux con
denser, and a dropping funnel. Methyllithium (40 mmol) in anhydrous 
ether was added dropwise. The mixture was stirred for 0.5 h and hy
drolyzed by the addition of saturated NH4C1 solution. Extraction and 
usual treatments furnish 4 g of crude product which was purified on 
alumina column chromatography (10% benzene in pentane) to yield
3.1 g (14.4 mmol, 73%) of unsaturated product, exo-2-acetyl-endo- 
3-phenylnorbornene: NMR (CC14) 8 1.5 (br d, 2 H), 2.1 (s, 3 H), 2.5 
(br d, 1 H), 3 (m, 2 H), 3.5 (m, 1 H), 6 (m, 1 H), 6.5 (m, 1 H).

Hydrogenation in MeOH over Pt02 of 1 g (4.7 mmol) of unsaturated 
ketone gave 0.94 g (4.39 mmol, 93%) of 3: UV Amax 258 (e 250), Xnx. 280 
nm (e 53); NMR (CC14) 8 1.3 (m, 6 H), 2 (s, 3 H), 2.5 (m, 3 H), 3.4 (m, 
1 H), 7.2 (s, 5 H); 13C NMR 8 22.6, 29.9 (t, Ce, C5), 29.1 (Me), 38.3 (t, 
C7), 41.2,42.7 (Ci, C4), 48.3,59.2 (d C3, C2), 126.2,128.2,128.3,141.6 
(aromatic carbons), 209.1 (s, C=0); MS (m/e) 214 (M+), 171,147,43. 
Anal. Calcd for C15H180: C, 84.07; H, 8.67; O, 7.47. Found: C, 83.90; 
H, 8.36; O. 7.48.

endo-2-Acetyl-exo-3-phenylnorbornane (4). The corresponding 
carboxylic acid (430 mg, 2 mmol), prepared according to the litera
ture,21 was treated with (COCl)2 in anhydrous benzene. The resulting
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acid chloride was added at —78 °C to an ethereal solution of di- 
methylcopper reagent prepared according to the literature.22 Crude 
product 4 (370 mg) was obtained after hydrolysis at —78 °C and usual 
chromatographic workup chromatographic over alumina (ether 1% 
in pentane) gave 274 mg (1.28 mmol, 64%) of pure product 4: UV Amax 
258 (e 246), Anir. 280 nm (c 58); NMR (CC14) 5 1.4 (m, 6 H), 2.0 (s, 3 H),
2.6 (m, 3 H), 3.1 (m, 1 Hi, 7.0 (s, 5 H); 13C NMR 5 23.9,30.1 (t, C6, C8),
29.6 (Me), 38.9 (t, C7), 41.0,42.7 (d, Cp C4), 46.4,64.8 (d C3, C2), 125.8,
126.9,128.5,146.4 (aromatic carbons), 208.7 (s, C = 0 ); MS 214 (M+),
171,77,43. Anal. Calcd for C15H180: C, 84.07; H, 8.67; 0,7.47. Found: 
C, 83.82; H, 8.50; 0 , 6.95.

exo-2-Acetyl-exo-3-phenylnorbornane (5). Prepared from 127 
mg (0.59 mmol) of the corresponding carboxylic acid21 and treated 
as described above. Chromatography over alumina (ether 1% in 
pentane) gave 87 mg (0.41 mmol, 69%) of pure product 5; UV Amax 260 
(e 190), Anx» 280 nm (t 20); NMR (CCI4) 51.3 (s) in a multiplet centered 
at 1.4 (8 H), 2.3 (m, 3 H), 2.9 (m, 2 H), 7.2 (s, 5 H); 13C NMR <5 28.5,31.2 
(C5, C6), 29.4 (Me), 37.1 (t, C7), 38.5,43.6 (d, Cb C4), 52.7,62.6 (d, C3, 
C2), 126.5,128.0,128.3,142.5 (aromatic carbons), 209.9 (s, 0 = 0 ) ;  MS 
(m/e) 214 (M+), 171, 147, 77, 43. Anal. Calcd for C16H180: C, 84.07; 
H, 8.67; 0 , 7.47. Found: C, 83.85; H, 8.49; 0 , 7.54.

eJido-2-Acetyl-efldo-3-phenylnorbornane (6) was prepared 
from 600 mg (2.75 mmol) of the corresponding cis carboxylic acid,21 
care being taken of the following steps. MeLi was freshly prepared 
and titrated in such a way to avoid its excess (negative Gilman’s test). 
Hydrolysis of the reaction mixture was run at —78 °C with theoretical 
amounts of aqueous 5% H2S04. Chromatography on silica (ether 2% 
in pentane) gave 380 mg (1.77 mmol, 64%) of 6 containing 4% of trans 
isomer 3 (VPC column B): UV Amax 260 nm (e 400), mr* disappears 
in 7r7r* absorption; NMR (CC14) S 1.5 in a broad multiplet centered 
at 1.4 (9 H), 2.4 (m, 2 H), 3 (m, 1 H), 3.7 (m, 1 H), 7.3 (m, 5 H); 13C 
NMR 6 23.1,23.3 (br s, C5, C6), 30.6 (q, Me), 39.4,44.4 (d, Ci, C4), 40.2 
(t, C7), 47.6, 57.8 (d, C3, C2), 126.1, 127.2, 127.8, 128.1, 128.6, 140.4 
(aromatic carbons), 210.2 (s, 0 = 0 ) ;  MS (m/e) 214 (M+), 171,147,43. 
Correct elemental analyses could not be obtained with this compound 
owing to its lability.

exo-2-Acetyl-d.|-endo-.‘(-phenylnorbornane (16). Prepared 
from 138 mg (0.64 mmol) of the corresponding carboxylic acid21 by 
action of (CD3)2CuLi in the conditions described above. Chroma
tography on silica gel (ether 2% in pentane) gave 96 mg (0.44 mmol, 
69%) of 16. The NMR spectrum was practically identical with that 
of 3, exception being made of the singlet at <5 2 (3 H); MS (m/e) 217 
(M+), 171,46.

4-Cyclopentyl-4-phenyl-2-butanone (12). Anhydrous THF (10 
mL) was added to 10 mmol of cyclopentylmagnesium bromide in 
ether. The solution was added dropwise to a well-stirred mixture of
0.7 g (5 mmol) of frans-4-phenyl-3-buten-2-one and 28 mg (0.15 
mmol) of Cul in anhydrous THF. After 2 h at room temperature, 
hydrolysis, and usual treatment, 1 g of crude product was obtained. 
Chromatography on SilicAR CC-4 (benzene 25% in pentane) gave 352 
mg (1.64 mmol, 33%) of pure product: NMR (CC14) 5 1.8 (s) in a broad 
multiplet between 1 and 2 (12 H), 2.6 (m, 3 H), 7.1 (5 H); semicarba- 
zone (EtOH) mp 152-153 °C. Anal. Calcd for Ci6H23N30 : C, 71.04; 
H, 8.77; 0, 5.57; N, 14.62. Found: C, 70.92; H, 8.68; 0, 5.68; N,
14.48.

Photolyses. Preparative irradiations were carried out in a water- 
cooled immersion apparatus equipped either with a 450-W (Hanovia 
450 W, lamp A), or a 100-W medium-pressure mercury arc (Hanau 
NK 6/20 100 W, lamp B). During irradiations a stream of argon was 
bubbled through the solutions. In the case of 3, preparative irradia
tions were simply carried out in quartz tubes (lamp A) under argon 
atmosphere.

Irradiation of 1. A solution of 410 mg (2.3 mmol) of 1 in 280 mL 
of CH3CN was irradiated for 7 h in a quartz apparatus (lamp B). VPC 
analysis (column A) showed almost complete disappearance of 1 and 
formation of two new compounds, 7 and 8, identified by comparison 
of their retention times with those of authentic samples on three 
different VPC column (A, B, and C).

Irradiation of 2. (A) Irradiation in Acetonitrile. A solution of 
480 mg (3.47 mmol) of 2 in 400 mL of CH3CN was irradiated in a 
quartz apparatus (lamp B). Three photoproducts were detected by 
VPC (column B, 110 °C) in respective yields of 1 (11a, tR = 0.49), 4 
(lib, tR = 0.62), and 21% (10, f R = 1.22) relative to 2. Chromatography 
of the crude mixture on silica gel gave 96 mg of volatile starting 
product 2 (ether 5% in pentane), 81 mg (0.58 mmol, 17%) of the col
orless oil 10 (ether 5% in pentane), and 19 mg (0.14 mmol, 4%) of white 
needles 11a (ether 30% in pentane). 10: NMR (ClpCl3) 6 2.1 (s) in a 
broad multiplet between 1 and 3 (12 H), 5.7 (s, 2 H). 11a: NMR 
(CDC13) 5 1.1 (s, 3 H), 1.1-1.8 (m, 6 H), 1.9-2.4 (m, 4 H and 3 H after 
deuteriation), 3.1 (m 1 H); 13C NMR b 19.5 (q, Me) 34.0 (t, C2, C8) 36.3,

39.2 (d, C1; C6), 38.0 (t, C7), 45.0 (d, C3, C5), 79.1 (s, C4); mp (sub
limated) 94-95 °C. Anal. Calcd for C9H140: C, 78.21; H, 10.21; 0,11.58. 
Found: C, 77.88; H, 10.34; 0,11.85.

(B) Irradiation in Acetone. A solution of 526 mg (3.8 mmol) of 
2 in 450 mL of acetone was irradiated in a Pyrex apparatus for 16 h. 
The yields of 1 la and l ib  were respectively 17 and 9% relative to the 
starting product 2. Chromatography of the crude mixture on silica 
gel gave a mixture of starting ketone 2 and unidentified products 
(ether 5% in hexane), 78 mg of a fraction containing 1 lb  (ether 10% 
in hexane), and 68 mg (13%) of 11a (ether 20% in hexane). Another 
chromatography gave 6 mg of the very volatile alcohol 11 b: NMR 
(CDC13) 5 1.3 (s) in a broad multiplet between 1.1 and 2.4 (14 H); MS 
(m/e) 138 (M+, low intensity), 120.

Irradiation of 3. A solution of 80 mg (0.37 mmol) of 3 in 10 mL of 
CH3CN was irradiated for 16 h in quartz tubes (lamp B). VPC analysis 
(column A) showed the presence of a single product (tR = 0.36) with 
traces of other unidentified products (~ 2%). Chromatography over 
SilicAR CC-4 (pentane) gave 22 mg (0.11 mmol, 31%) of 9; NMR 
identical with literature description;23 MS (m/e) 172 (M+).

Another experiment from 150 mg of 3 (0.7 mmol) in acetone as 
solvent and in a Pyrex uibe led to 83 mg (0.48 mmol, 68%) of pure 
product.

Irradiations of 4. (A) Irradiation in Acetonitrile. A solution of 
450 mg (2.10 mmol) o f 4 in 450 mL of CHaCN was irradiated for 4 h 
(lamp B). Two photoproducts were detected by VPC (column A) in 
yields of 47 (tR = 0.8) and 9% (tR = 1.2) relative to the starting product
4. Chromatography of the crude mixture on alumina gave 110 mg 
(25%) of 4 ,172 mg (0.80 mmol, 38%) of 13 (benzene 10% in pentane), 
and 33 mg (0.15 mmol, 7%) of 14 (ether). 13: NMR (CC14) 6 1.8 (s, 3 
H), 1.8-3 (m, 8 H), 5.6 (s, 2 H), 7.1 (s, 5 H); MS (m/e) 214 (M+), 156, 
147, 77, 43. Catalytic hydrogenation of 13 over Pt02 in MeOH gave 
a compound identical (IR, NMR, VPC) with 12.

By analytical VPC (column B) it was possible to separate the two 
isomers of 14 (14a/14b ~  3), but they were obtained in pure form only 
in the case of the irradiation of 4 in acetone as solvent.

(B) Irradiation in Acetone. A solution of 450 mg (2.10 mmol) of
4 in 450 mL of freshly distilled acetone was irradiated for 15 h in a 
Pyrex reactor (lamp B). Short retention time products coming from 
irradiated acetone24 were detected by VPC (column A). The yields 
of 13 and 14 were respectively 2 and 77% relative to the starting 
product. Chromatography of the crude mixture on alumina gave un
identified products, 4 (50 mg), 13 (15 mg, 3%) (benzene 75% in pen
tane), and the mixture 14a + 14b (380 mg, 80%) (ether 10% in ben
zene). VPC (column B) showed 14a/14b ~  3. Repeated chromatog
raphy of this fraction (benzene 75% in pentane) followed by prepar
ative TLC gave 30 mg (7%) of pure 14b: NMR (CDC13) 6 1.4 (s) in a 
multiplet between 1.3 and 1.6 (4 H), 1.7 (m, 2 H, 1 H after deuteria
tion), 1.9 (m, 1 H), 2.4 (m, 5 H), 3.3 (s, 1 H), 7.2 (m, 5 H); 13C NMR 5
27.9 (Me), 31.7, 33.4 (C8, C7), 35.3,43.9 (C6, Ci), 45.0 (C5), 46.6, 50.8 
(C3, C2), 70.6 (C4), 125.5,127.9, 128.0,145.3 (aromatic carbons); MS 
(m/e) 214 (M+), 196.

Elution with benzene first gave a fraction containing both 14a and 
14b, and then pure 14a: 96 mg (21%); NMR (CDCI3) 5 1.2 (s, 3 H), 1.4 
(m, 2 H), 1.7 (m, 2 H), 2-3 (m, 4 H), 2.9 (s, 1 H), 3.2 (br s, 1 H), 7.2 (m,
5 H); 13C NMR 6 20.1 (q, Me) 33.9, 34.0, (t, C8, C7), 39.3,43.7 (d, C6, 
Ci), 44.9 (d, C5), 49.4,50.6 (d, C3, C2), 78.9 (s, C4), 125.7,125.8,128.2,
144.7 (aromatic carbons); MS (m/e) 214 (M+), 196; mp (pentane- 
ether) 68 °C. Anal. Calcd for C16H180: C, 84.07; H, 8.67; 0 , 7.47. 
Found: C, 84.13; H, 8.46; O, 7.65.

Irradiation of 5. Ketone 5 was irradiated in different solvents 
(CH3CN, acetone, t-BuOH). This compound was quite stable even 
after a long period of irradiation (20 h, lamp A).

Irradiation of 6. (A) Irradiation in Acetonitrile. A solution of 
350 mg (1.6 mmol) of 6 in 300 mL of freshly distilled acetonitrile was 
irradiated for 16 h in a quartz reactor (lamp B). Two photoproducts 
were detected by VPC (column A) in yields of 47 (tR = 0.79) and 20% 
(tR = 1.1) relative to the starting product 6. Chromatography of the 
crude mixture on silica gel gave 70 mg (20%) of 13 (ether 2% in pen
tane) and 27 mg (8%) of 15, which crystallized into two forms (pen
tane-ether): NMR (CDC13) 6 0.4 (s, 3 H), 1.5 (m, 2 H), 2.2 (m, 4 H, 3 
H after deuteriation), 2.8 (m, 2 H), 3.2 (m, 2 H), 7.2 (s, 5 H); 13C NMR
6 22.3 (q, Me), 31.0 (t, C8), 37.4 (t, C7), 38.1,41.6 (C6, Ci), 45.6 (d, C5),
47.8, 50.2 (d, C3, C2), 79.5 (s, C4), 125.4,127.5,128.1,141.7 (aromatic 
carbons); MS (m/e) 214 (M+), 196; mp 80 and 90 °C. Anal. Calcd for 
Ci5H180: C, 84.07; H, 8.67; O, 7.47. Found: C, 83.82; H, 8.35; 0, 
7.65.

(B) Irradiation in Acetone. A solution of 175 mg of 6 (0.82 mmol) 
in 320 mL of acetone was irradiated for 19 h in a Pyrex reactor (lamp 
B). The yields of 13 and 15 determined by VPC (column A) were re
spectively 4 and 50% relative to the starting product. A first chro
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matography of the crude mixture on silica gel gave 54 mg of 6 and 73 
mg (42%) of 15. A second chromatography (ether 5% in benzene) gave 
49 mg (28%) of pure 15.

Quantum Yield Determinations. Solutions of different ketones 
1-6 (—10—2 M) in spectrograde acetonitrile or in a 1 M solution of 
acetone in acetonitrile were subjected to three freeze-pump-thaw 
cycles and sealed at 10-4 mm in 10-mm o.d. quartz cells. Irradiations 
were carried out using a 313-nm line produced by a Bausch and Lomb 
monochromator. Light intensities were measured by ferrioxalate 
actinometry. Photolyses were run to <10% conversion, and the re
sulting solutions were analyzed by VPC.

Quenching Studies. Sample preparations and irradiations were 
the same as for the quantum yield determinations except that varying 
amounts of cis- 1,3-pentadiene (10—3 to 0.6 M) were added to the so
lutions. Percentages of isomerization of cis-pentadiene were deter
mined on column C (room temperature).
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phenylnorbornene, 67271-55-0; 2-endo-carboxy-3-endo-phenylnor- 
bornene, 59286-09-8.
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Three isomeric sesquiterpene ethers, dactyloxene-A, -B, and -C, as well as a related alcohol, dactylenol, and its 
acetate were isolated from the sea hare Aplysia dactylomela. Structure determinations involved 13C NMR, *H 
NMR in the presence of shift reagent, and chemical degradation. All of the compounds have a common rearranged 
monocyclofarnesyl skeleton. Dactyloxene-B and -C are stereoisomers, each having a tetrahydrofuran ring spiro- 
fused on a substituted cylohexene ring. Dactyloxene-A possesses an oxadecalin skeleton. Dactylenol was converted 
by acid treatment to a mixture containing dactyloxene-A and -C.

Earlier we described2 the isolation of dactyloxene-B (5), 
a sesquiterpene ether having a rearranged monocyclofarnesyl 
skeleton, from the sea hare Aplysia dactylomela. Since then, 
other investigators studying marine red algae have discovered 
two alcohols3 having the same carbon skeleton as 5 as well as 
two monobromo alcohols4 and a related ether,5 each having 
an unrearranged monocyclofarnesyl skeleton. One of the 
bromo alcohols has been synthesized by a biomimetic route 
utilizing bromonium ion induced cyclization of a farnesyl 
derivative.6 In this paper we report the isolation and structure 
determination of four new monocyclofarnesyl sesquiterpe- 
noids from A. dactylomela, all of which have the rearranged 
skeleton of dactyloxene-B (5). Two of these compounds are

ethers, dactyloxene-A (12) and -C (10). The remaining com
pounds are an alcohol, dactylenol (1), and its acetate 4. In 
addition to these sesquiterpenoids, extracts of A. dactylomela 
have also yielded a new bicyclic sesquiterpene alcohol, 
dactylol,7 and two halogenated straight-chain acetylenic 
ethers,8 one of which has shown interesting central nervous 
system activity.9

The sesquiterpene ethers 5 ,10, and 12, the related alcohol 
1, and the acetate 4 were isolated from hexane extracts of 
whole dried animals or dichloromethane solubles of an alcohol 
extract of fresh digestive glands of the sea hare. Chromatog
raphy of the hexane extracts over Florisil using hexane as el
uent provided fractions containing dactyloxene-A, -B, and -C.

0 0 2 2 -3 2 6 .3 /7 8 /1 9 4 3 -4 2 2 0 8 0 1 .0 0 /0 (C) 1 9 7 8  A m p r ir im  O h pT n irfll S  n r  ip  tv
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Repeated preparative layer chromatography (silica gel) of 
these fractions yielded the pure sesquiterpene ethers. 
Dactylenol ( 1 ) and its acetate (4) were eluted from the Florisil 
column with hexane-benzene in fractions that also contained 
dactylyne,88 isodactylyne,8b and dactylol.7 Dactylenol ( 1 ) was 
isolated from these fractions by repeated silica gel chroma
tography followed by silver nitrate-silica gel preparative layer 
chromatography. Dactylenol acetate (4) was partially purified 
by silica gel chromatography, but final purification of this 
compound could be accomplished only by preparative gas 
chromatography.

Dactylenol (1) was obtained as a colorless oil: [<x]c +204°; 
C1 5H 240. Absorption in the infrared spectrum at 3400 cm- 1  

and the absence of signals in the ’ H NM R spectrum in the 8
3.0-4.5 region indicated that dactylenol was a tertiary alco
hol.

The ]H  NM R spectrum revealed the presence of three 
methyl groups in 1 : a quaternary methyl most likely bonded 
to the carbinol carbon [6 1.14 (s)], a secondary methyl [5 1.08 
(cl)], and an olefinic methyl group [5 1.68 (brd s)]on a trisub- 
stituted double bond. The olefinic region possessed the fo l
lowing signals: a broad one-proton multiplet at 8 5.36 coupled 
to the olefinic methyl signal, a two-proton doublet at 8 4.73 
(J = 2 Hz) corresponding to an exocyclic methylene group, 
and three one-proton signals that formed a clear AM X pattern 
[5 5.06 (J - 10 and 2 Hz), 5.20 (J = 18 and 2 Hz), and 5.94 (J 
= 18 and 10 Hz)]. The last signals are indicative of a vinyl 
group attached to a quaternary center. Assuming that this 
group is attached to the quaternary carbinol carbon leads to 
form ulation of the partia l structure -C (O H )(C H 3)- 
C H = C H 2.

Three possible structures for dactylenol, 1,2, and 3, could 
be envisaged from the spectrally deduced structural frag
ments, the inclusion of a ring to account for the final degree 
of unsaturation required by the molecular formula, and con
sideration of the isoprene rule. Structure 1 was confirmed for 
dactylenol by extensive decoupling of the europium shifted 
JH NM R  spectrum (0.45 mol ratio for Eu(fod)3/dactylenol). 
Under these conditions the signal for each of the nonequiva
lent protons or sets of protons in dactylenol was distinctly 
resolved. The increments in chemical shifts for the quaternary 
methyl signal (8 1.14—8.75) and the lowest field signal from 
the vinyl group (8 5.94—12.5) confirmed that these groups are 
attached to the carbinol carbon. The methylene chain at
tached to the carbinol carbon was identified by the occurrence 
of a pair of one-proton doubled triplets at 8 9.27 and 9.63 (J 
= 13 and 4 Hz) coupled to another pair o f one-proton signals 
at 8 6.82 (tt, J = 13 and 4 Hz) and 6.26 (ddt, J = 13,10, and 4 
Hz). The latter signals were further coupled only to a one- 
proton, broadened doublet at 5 4.36 (brd d, J = 10 Hz, small). 
Irradiation of this 5 4.36 signal revealed that i t  was coupled 
only to the two methylene protons in the side chain and 
slightly w ith one of the exocyclic methylene protons (5 5.68), 
thus supporting structure 1. Further decoupling showed that

4, R = Ac
the methine proton signal at 8 3.66 (poorly resolved septet?), 
which was coupled to the secondary methyl group at 5 1.34, 
was coupled further only to two one-proton multiplets (8 2 . 0 2  

and 2.63). Both of the last signals were coupled to the olefinic 
proton (6 5.80) of the trisubstituted double bond. This con
firms all of the proton sequences in structure 1  and unam
biguously confirms i t  as the structure for dactylenol.

Dactylenol acetate (4), an oil, [a]o +168°, C i7H 26 0 2, was 
correlated w ith dactylenol ( 1 ) by reductive removal of the 
acetate using lith ium  aluminum hydride. Conversely, 
dactylenol (1) was converted to the acetate 4 in approximately 
10% yield (GC analysis) by reaction w ith acetic anhydride- 
pyridine at 50 °C for 8  h.

Dactyloxene-B (5), an oil, [a]o +106°, C1 5 H 240, exhibited 
infrared absorption indicative of double bonds [3080, 1640, 
910 (vinyl) and 810 (trisubstituted double bonds) cm-1] and 
an ether group (990 cm-1), while being devoid of hydroxyl and 
carbonyl absorption. Only end absorption was noted in the 
UV spectrum. The 13C N M R spectrum possessed singlet sig
nals for two carbons attached to oxygen (8 83.2 and 86.1), and 
this established the ditertiary ether nature of dactyloxene-B. 
The 13C NM R spectrum further showed signals for only four 
unsaturated carbons, all sp2: 5 145.6 (d), 136.9 (s), 124.2 (d), 
and 110.7 (t). Hence, dactyloxene-B must be bicyclic.

The JH NMR spectrum of dactyloxene-B exhibited signals 
for four methyl groups: 8 0.97 and 1.06 (doublets, secondary 
methyls), 1.34 (s, -C(CH 3 ) - 0 -), and 1.70 (olefinic methyl). 
Decoupling of the secondary methyl signals by irradiation at 8 1.77 and 1.52, respectively, demonstrated that the secondary 
methyl groups are attached to separate carbons and are not 
part of an isopropyl group. The olefinic region of the spectrum 
contained a broad m ultip let at 5 5.44 that was reduced to a 
trip le t upon irradiation at 8 1.70 (vinyl methyl position), thus 
indicating the partial structure -C H 2C H =C (C H 3)-. The 
remaining signals in the olefinic region were a set of three 
one-proton signals that formed a clear A M X  pattern [a 4.97 
(J = 11 and 2 Hz), 5.12 (J = 17 and 2  Hz), and 6.09 (J = 17 and 
11 Hz) indicative of a vinyl group attached to a quaternary 
center as in 1 .

By analogy with structure 1, the above structural units are 
readily incorporated into formula 5 as a possible structure for 
dactyloxene-B. Compelling support for this formula was ob
tained from the mass spectral fragmentation pattern which 
contained a sizeable peak at m/e 164 (calcd for C n H i6, 
164.1201; found, 164.1199), corresponding to a facile loss of 
C4H 8 in a retro-Diels-Alder fragmentation.

8, R = C 02H
Additional confirmation for structure 5 was obtained by the 

conversions outlined below. Hydroboration of dactyloxene-B
(5) w ith a hindered borane followed by oxidation yielded the 
alcohol 6 , which showed the same facile loss of C4H 8 in its mass 
spectrum as did 5. The acetate of 6  upon hydroboration fo l
lowed by oxidation with chromic acid10 afforded two products: 
keto acetate 7 and keto acid 8 . The keto acid 8  showed car
bonyl absorption only at 1700 cm-1, corresponding to both 
carboxyl and cyclohexanone carbonyl groups, thus confirming 
the carbocyclic ring size in dactyloxene-B (5). The keto acetate 
7 upon treatment with sodium methoxide in methanol at room 
temperature underwent a facile elimination to give the a,(3- 
unsaturated keto diol 9 (IR  1660 and 1650 cm-1). The JH 
NM R spectrum of 9 possessed a signal for an olefinic methyl
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Table I. Europium 'H  NMR S h ift Data fo r Alcohols 6  and 11

protons

6 1 1

Eu(fod)3/alcohol mole ratio (±5%) 
0 0.57 1.26 A Ò Eu(fod)3/alcohol mole ratio (±5%) 

0 0.57 1.26 AÒ
secondary Me 0.97 1.52 1.75 0.78 0.97 1 . 1 0 1 . 1 0 0.13
secondary Me 1.04 2.34 3.05 2 . 0 1 1 . 0 0 2.40 3.60 2.60
CH3C<0 1.30 3.50 4.90 3.60 1.36 2.92 4.60 3.24
-C=C(CH3)- 1.74 3.80 4.70 2.96 1.74 2.46 3.18 1.44
- c h 2c h 2o h 3.7 4.70 5.72 3.7 3.4 5.17

7.00 9.85 5.96 9.90
11.65 15.85 9.00 14.40
12.80 17.65 1 0 . 1 0 16.93

-C H = C - 5.85 6 . 1 0 6.45 1 . 1 0 5.35 5.6 5.80 0.45

group (6 1.78), but i t  clearly lacked any olefinic proton signals. 
This ring opening confirmed that one of the ether links is f.i to 
the carbonyl group in 7, and hence allylic to the ring double 
bond as proposed in 5. Thus, the overall structure for dactyl- 
oxene-B, disregarding stereochemistry, is given by 5.

Dactyloxene-C (10), a colorless oil, [o ]d  +45.8°, C 1 5 H 24O, 
possessed the same diagnostic spectral features in its IR, ' H 
NMR, 13C NMR, and mass spectra as dactyloxene-B (5), and 
hence the two were judged to be stereoisomers. Both dactyl- 
oxene-C (10) and the derived alcohol 11 (selective hydrobo- 
ration/oxidation) showed a facile loss of C4Hg in their mass 
spectra, corresponding to a retro-Diels-Alder loss of butene 
as observed for 5. In the 1H  NMR spectrum of dactyloxene-C 
( 1 0 ), the two secondary methyl resonances are superimposed 
to give a single doublet at 5 0.93 in carbon tetrachloride, but 
in benzene-d two doublets are observed. The stereochemical 
relationships of 5 and 10 are discussed below.

Dactyloxene-A (12), a colorless oil, C1 5H 24O, exhibits a small 
negative rotation, [a]o —5.9°, in contrast to the positive 
rotations found for the isomeric ethers. The infrared spectrum 
of 12 shows absorption for unsaturation (1630, 910, and 790 
cm-1) and an ether (990 cm-1). The 13C NM R  spectrum 
contained signals corresponding to two quaternary carbons 
attached to oxygen [(6 75.7 and 72.0) and four sp2 carbons 
(144.2, 135.4, 118.7, and 109.7 (t)j, thus characterizing 
dactyloxene-A also as a bicyclic d itertiary ether.

The XH NM R  spectrum of dactyloxene-A (12) was signifi
cantly different from those of 5 and 10 in the methyl region. 
Two quaternary methyl groups were indicated in 1 2  (b 1.04 
and 1.23) and only one seijondary methyl group (5 0.97), in 
addition to one olefinic methyl (5 1.68). The olefinic region 
exhibited signals for one proton on a trisubstituted double 
bond of the type -C H 2C H =C (C H 3) -  (6 5.20) and three dis
tinct multiplets corresponding to a vinyl group attached to a 
quaternary center (8 4.94, 4.95, and 6.10).

Using compounds 1, 5, and 10 as models, the structures 12 
and 13 were formulated as likely ones for dactyloxene-A based 
on the spectral data. The large peak in the mass spectrum 
corresponding to a reverse Diels-Alder fragmentation, 
prominent in the spectra of dactyloxene-B (5) and C ( 1 0 ), was 
completely absent in the spectrum of dactyloxene-A. A deci
sion in favor of formula 1 2  was made on the basis of the 
chemical conversions outlined below. Hydroboration of 
dactyloxene-A with excess diborane followed by hydrogen 
peroxide oxidation afforded the diol 14, which was selectively 
tritylated to give the ether alcohol 15. Oxidation of 15 with 
chromium trioxide-pyridine complex1 1  afforded in quanti

tative yield the keto tr ity l ether 16, which showed carbonyl 
absorption at 1712 cm- 1  in agreement w ith the postulated 
cyclohexene structure for dactyloxene-A. Treatment o f the 
ketone 16 with sodium methoxide-methanol did not bring 
about the elimination and ether ring opening tha t would be 
expected for a ketone derived from structure 13 (cf. the ready 
opening observed for the keto acetate 7 derived from dactyl
oxene-B). Thus, the overall structure 12 is proposed for 
dactyloxene-A.

12 13

I

14, R = H 16
15, R = CPh3

A tentative partial assignment of the relative stereochem
istry of 5 and 10 was derived from analysis of the europium 
induced chemical shifts of the methyl group signals in the 
respective derived alcohols 6  and 11 (see Table I). The 
chemical shift changes in the protons of the hydroxyethyl side 
chain provide a convenient internal standard to show that 
comparable complexing w ith Eu(fod ) 3 occurred w ith both 
alcohols. The signal for the olefinic methyl group in 6  was 
shifted downfield more than twice as much as the corre
sponding signal in 11. Calculations using a graphical method1 2  

and assuming that the principal magnetic axis falls approxi
mately parallel to and near the plane of the tetrahydrofuran 
ring predict a significantly larger shift for the vinyl methyl 
signal when that group and the hydroxyethyl side chain are 
cis oriented on the tetrahydrofuran ring. This leads to the 
conclusion that 5 and 10 differ in configurations at the tertiary 
ether carbons as shown.

The partial relative stereochemistry shown for 12 is also 
based on XH NM R  data. The chemical shifts for the quater
nary methyl groups in 12 (5 1.04 and 1.23) are very similar to 
those for the analogous methyl groups in  3/3-bromo-8-epi- 
caparrapi oxide (19) (6 1.12 and 1.14),5 (+ )-8 -epi-caparrapi 
oxide (21) (6 1.14 and 1.22) , 1 3  and epimanoyl oxide (23) (S 1.08 
and 1.17)14 all of which have the cis 1,3-diaxial quaternary 
methyl/vinyl group arrangement as proposed for 12. On the 
other hand, in those cases where the two quaternary methyl 
groups are cis 1,3-diaxially oriented, i.e., caparrapi oxide (20) 1 3  

and manoyl oxide (2 2 ) , 14  the quaternary methyl group
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18, A 7-14

R,

19, X  = Br; R, = C H = C H 2; R 2 = CH3
20, X  = H; R, = CH3; R 3 = C H = C H 2
21, X  = H; R , = CH3; R 2 = C H = C H 2

chemical shifts differ by only 0.02 ppm or less. The signal for 
the -C H = C H 2 proton in 1 2  occurs at 5 6 .1 0 , close to where the 
corresponding protons in (+ )-8 -epi-caparrapi oxide (2 1 ) and 
epimanoyl oxide (23) absorb (5 6.08 and 6.04, respectively). 
The trans ring juncture with the axial vinyl group in 12 is also 
supported by the fact that the -C H = C H 2 proton experiences 
long range coupling (~1 Hz). The W arrangement1 5  of bonds 
between this proton and one of the ring methylene protons 
that is conducive to such coupling is best accommodated when 
the vinyl group is axial.

Treatment of 1 w ith toluenesulfonic acid or BF3 etherate 
in ether afforded a complex mixture of products (at least 2 2  

components) which contained 5 as one of the major compo
nents and 12 as a minor one. No attempts were made to opti
mize conditions for this conversion or to identify the re
mainder of the products. I t  is interesting to note that under 
these conditions the tetrahydrofuran derivative 5 is formed 
to a greater extent than the tetrahydropyran isomer 1 2 , even 
though formation of 5 requires isomerization of 1 prior to 
cyclization.

Dactylenol (1), its acetate 4, and the ethers 5,10, and 12 are 
closely related structurally to a- and /3-snyderol (17 and 18),4 
3(3-bromo-8-epi-caparrapi oxide (19),5 and nidifidienol (24),3 
all of which have been isolated from marine red algae. Three 
of these terpenoids, 17, 18, and 19, retain an unrearranged 
monocyclofarnesyl skeleton, while the fourth, 24, has the same 
rearranged skeleton that 1,4,5,10, and 12 have. The biogen
esis proposed for this group of compounds involves bromon- 
ium ion induced cyclization of farnesol. 16 Solvolytic loss of 
bromine from 17 followed by a methyl migration would pro
duce an intermediate that could readily give rise to 1, 4, 5,10, 
12, and 24.

Experimental Section17
Isolation o f Dactylenol (1), Dactylenol Acetate (4), and 

Dactyloxene-A (12), -B (5), and -C (10). Sea hares were collected 
and extracted as described previously.85 A portion (5.0 g) of the fourth 
hexane fraction (10.63 g) from the Florisil chromatography described 
earlier was chromatographed on a column using 40 g of silica gel H. 
The column was eluted with a benzene-hexane (15:85) mixture. An 
elution volume of 50-320 mL yielded a red oil (2.88 g, fraction A). The 
next 75 mL of eluate, fraction B, contained 0.51 g of a mixture con
sisting primarily of dactyloxene-A and -B with small amounts of 
dactyloxene-C. Further elution, 15-mL cuts, yielded four additional

fractions containing sesquiterpene ether mixtures, fractions C (0.25 
g), D (0.20 g), E (0.14 g), and F (0.10 g).

Pure dactyloxene-A (12) could be obtained from fraction B by 
thick-layer chromatography on silica gel-9% silver nitrate plates, 20 
X 20 cm, 2 mm thick. A 100-mg amount of fraction B on a single plate 
eluted twice with ethyl acetate-diethyl ether-hexane (4:8:88) gave 
25 mg of pure dactyloxene-A. (Bands were visualized by spraying the 
edges and a center strip with 2',7'-dichlorofluorescein.) Alternatively, 
pure dactyloxene-A could be obtained by repeated chromatography 
of fractions enriched in this isomer over TLC mesh silica gel using a 
hexane-ether (98:2) mixture as eluent.

Dactyloxene-B and -C were each purified by repeated chroma
tography of fractions C-F over TLC mesh silica gel using a hexane- 
ether (98:2) mixture as eluent.

The combined yield of the dactyloxene-A, -B, and -C mixture from 
the original hexane extract was approximately 0.4%.

The sesquiterpene ethers were obtained from the alcohol extracts 
of freshly collected digestive glands somewhat more conveniently in 
the following manner. The concentrated alcohol extract was sus
pended in water and extracted with dichloromethane for 24 h. The 
dichloromethane solubles were dissolved in a methanol-water (9:1) 
mixture and extracted three times with hexane. A 33-g portion of the 
hexane extract was distilled at 53-67 °C and 5 nm of pressure to yield 
an orange distillate (9.58 g). Chromatography o f this distillate over 
silicic acid (Bio-Sil A, 80 g; Bio-Rad Laboratories, Richmond, Calif.) 
with a hexane-benzene mixture (1:1) gave fractions containing 
dactyloxene-A, -B, and -C, quite free of other contaminants, and some 
fractions were nearly homogeneous with respect to individual iso
mers.

Dactyloxene-A (12): Colorless oil; [«]d -5 .9° (c 1.4, CHC13); n24n 
1.4912; IR (film) 3090,1630 (w), 1450,1375,990 (ether), 910 (vinyl), 
790 cm-1; UV, only end absorption; 4H NMR (100 MHz, CDCI3) b 0.97 
(3 H, d, J  = 6 Hz), 1.04 and 1.23 (3 H each, s), 1.68 (3 H, m, vinyl 
methyl), 1.3-2.4 (8 H, m), 4.94 (1 H, dd,«7 = 11 and 1.5 Hz), 4.95 (1 H, 
d, J  = 18 and 1.5 Hz), 5.20 (1 H,m),6.10 (1 H, ddd, J  = 18,11, and 1.0 
Hz). 13C NMR (CDCI3) (off-resonance mult): sp2 b 144.3 (d), 135.4 (s),
118.7 (d), 109.7 (t); sp3 b 75.7 (s), 72.0 (s), 47.4 (d), 33.3 (t), 32.3 (t), 31.5 
(q), 28.3 (d), 22.4 (t), 21.4 (q), 20.8 (q), 14.3 (q). Mass spectrum, m/e 
220.1838 (M+; calcd for C15H24O, 220.1827), (70 eV) (relative inten
sity) 220 (M+, 3), 202 (14), 187 (7), 177 (3), 173 (6), 159 (6), 152 (10), 
145 (10), 133 (50), 121 (100), 120 (50), 109 (43), 105 (43), 91 (27).

Anal. Calcd for Ci6H240: C, 81.76; H, 10.98. Found: C, 81.91; H,
10.99.

Dactyloxene-B (5): colorless oil; [a]o +110.2° (c 0.74, CHCI3); rc26D
I. 4925; IR (film) 3080, 1640, 990 (ether), 910 (vinyl), 810 cm "1; ‘ H 
NMR (100 MHz, CDCI3), see text and ref 2 .13C NMR (CDC13) (off- 
resonance mult): sp2 b 145.6 (d), 136.9 (d), 124.2 (d), 110.7 (t); sp3 6
86.1 (s), 83.2 (s), 45.6 (d), 38.0 (t), 34.9 (t), 32.6 (t), 32.1 (d), 27.8 (q),
20.9 (q), 20.0 (q), 15.0 (q). Mass spectrum, m/e 220.1814 (M+; calcd 
for C15H24O, 220.1827), (70 eV) 220 (M+, 1), 202 (78), 187 (41), 173
(61), 164 (19), 164.1199 (calcd for Cn H160 , 164.1201), 145 (47), 133 
(100), 132 (87), 121 (53), 119 (59), 105 (50), 91 (47), 79 (23), 77 (27), 
54.0466 (calcd for C4H8, 54.0469).

Anal. Calcd for Ci5H240; C, 81.76; H, 10.98. Found: C, 81.94; H,
II. 04.

Dactyloxene-C (10): colorless oil; [o ] d  +45.8° (c  0.9, CHCI3); n o  
1.4941; IR (film) 3080,1640,1460,1375,1015 (ether), 910 (vinyl), 780 
cm-1; 4H NMR (100 MHz, CDCI3) 5 0.93 (6 H, d, J  = 6 Hz, coincident 
methyl d), 1.40 (3 H, s, -C(CH3) - 0 -), 1.80 (3 H, m, olefinic methyl),
5.0 (1 H, dd, J = 10 and 2 Hz, -C H = C H 2, cis H), 5.17 (1 H, dd, J = 
17 and 2 Hz, -CH =CH 2, trans H), 5.41, (1 H, m, -CH =C(C H 3)-), 6.13 
(1 H, dd, J  = 17 and 10 Hz, -C H = C H 2); XH NMR (C6D6) b 0.89 and
0.94 (3 H each, d, J  = 7 Hz), 1.33 (3 H, s), 1.74 (3 H, m); 4H NMR 
(decoupling in CeD6) irr b 1.56 (collapse b 0.89) and irr 5 1.78 (collapse 
b 0.94). 13C NMR (CDCI3) (off-resonance mult): sp2 b 145.3 (d), 139.2 
(s), 123.9 (d), 110.7 (t); sp3 b 89.2 (s), 83.8 (s), 45.7 (d), 37.9 (t), 34.9 (t),
32.9 (q), 31.5 (t), 28.7 (q), 20.1 (q), 19.9 (d), 13.3 (q). Mass spectrum, 
m/e 205.1586 (M+ -  15; calcd for C14H210 , 205.1592), (70 eV) (relative 
intensity) 202 (M + -  18, 100), 137 (52), 173 (51), 164 (35), 164.1194 
(calcd for Cu HieO, 164.1201), 159 (20), 145 (61), 133 (95), 119 (75), 
105 (57), 91 (39), 84 (56), 77 (27).

Anal. Calcd for C15H240: C, 81.76; H, 10.98. Found: C, 81.91; H,
10.99.

Isolation o f Dactylenol (1) and Dactylenol Acetate (4). A por
tion (2.62 g) of the material obtained in combined fractions 9-11 from 
the Florisil chromatography described earlier85 was chromatographed 
on TLC mesh silica gel (40 g) using benzene-hexane (1:1) as solvent. 
After initially collecting 3115-mL fractions, many of which contained 
dactylyne,8“ three 100-mL fractions were collected. The first of these 
contained predominantly (80-90%) dactylenol acetate (4) (61 mg).
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Attempts to obtain pure 4 by further chromatography on silica gel or 
9% silver nitrate impregnated silica gel were unsuccessful. Preparative 
gas chromatography on a 6 ft X 0.25 in 20% FFAP column at 169 °C 
yielded 4 as a colorless oil: [a]o +168° (c 2.46, CHCI3); bp (Kugelrohr) 
75 °C yielded 4 as a colorless oil: [o: ] d  +168° (c 2.46, CHCI3); bp 
(Kugelrohr) 75 °C (1 Torr); IR (neat) 3090, 2970, 2945, 2885, 2835, 
1740,1645,1455,1370,1245,1090,915,885 cm "1; ^  NMR (60 MHz, 
CC14) <5 1.08 (3 H, d, J  = 6 Hz), 1.48 (3 H, s, CHgCOaCiCHg)-),
I. 65 (3 H, brd s, -CH =C(C H 3)-, 1.95 (3 H, s, acetate), 2.6— 1.12 (8 
H, m), 4.68 (2 H, brd d, J = 2 Hz, C =C H 2), 5.05 (1 H, dd, J = 10 and 
2 Hz, -C H = C H 2, cis H), 5.08 (1 H, dd, J = 17 and 2 Hz, -C H = C H 2, 
trans H), 5.23 (1 H, brd t, J  = 6 and <1 Hz, -C H =C (C H 3)-), 5.91 (1 
H, dd, J = 17 and 10 Hz, -C H = C H 2); mass spectrum (70 eV), m/e 
(relative intensity) (no molecular ion observed) 202 (M+ — 60, 35), 
187 (17), 173 (16), 159 (15), 145 (11), 134 (97), 121 (100), 105 (12), 81
(42).

Anal. Calcd for C17H260 2: C, 77.82; H, 9.99. Found: C, 77.72; H,
9.95.

Chromatography of the material (6.3 g) obtained from the com
bined fractions 15-18 described earlier8b on 60 g of TLC mesh silica 
gel using benzene-hexane (7:3) as solvent and collecting 50-mL 
fractions yielded, in fractions 17-20 and a 100-mL 100% benzene flush, 
~ 1.8 g of dactylenol (1), homogeneous by TLC analysis. Gas chro
matographic analysis of this material on a 5 ft X Vs in 10% FFAP 
column indicated that this material was a mixture of at least five 
components. Pure 1 was obtained by chromatography on 9% AgN03 
impregnated silica gel thick-layer plates (20 X 20 cm, 2 mm thick) 
employing ethyl acetate-cyclohexane (4:6) for development. From 
a 100-mg sample applied on a single plate, 40-50 mg of pure dactylenol 
was obtained.

Pure dactylenol (1) was a colorless oil: [«]d +203.8°; IR (neat) 3400 
(broad), 3080,1640,1150,1100,985,910,880,800,775 cm“ 1; XH NMR 
(100 MHz, CDCI3) 5 2.60-1.0 (8 H, m), see text for remainder; XH 
NMR (100 MHz, CCI4, 0.45 mol ratio of Eu(fod)3/dactylenol) (signals 
not discussed in text) 6 2.29 (3 H, m, vinyl methyl), 5.30 (1 H, d, J  = 
2 Hz), 7.81 (1 H, dd, J = 10 and 1 Hz, -C H = C H 2, cis H), 10.75 (1 H, 
dd, j  = 18 and 1 Hz, -C H = C H 2, trans H); mass spectrum (70 eV), 
m/e (relative intensity) 220 (M+, 3), 202 (13), 187 (12), 173 (10), 159
(8), 145 (8), 134 (100), 132 (23), 121 (80), 119 (32), 105 (12), 71 (10).

Anal. Calcd for C15H240: C, 81.76; H, 10.98. Found: C, 81.94; H,
II . 14.

Dactylenol (1) from Dactylenol Acetate (4). To a 25-mL 
round-bottom flask containing 57.3 mg of 4 and a magnetic stirring 
bar was added ~10 mL of dry ether (distilled directly from lithium 
aluminum hydride) and then 20 mg of lithium aluminum hydride 
(LiAlH4). After the reaction mixture had stirred at room temperature 
for 30 min, excess LiAlH4 was destroyed by the addition of ethyl ac
etate followed by water. The water layer was extracted twice with 
ethyl acetate and twice with ether. The organic layers were combined, 
dried (Na2S04), and evaporated under reduced pressure, leaving 49.5 
mg of a colorless oil. The reaction product was chromatographed on 
10 g of thin-layer mesh silica gel using ether-hexane (1:9) as solvent 
and collecting 7-mL fractions. Fractions 14-17 contained a single 
compound (TLC, GC) which was identical with naturally occurring 
1 based on the following criteria: [a]p +204° (c 0.25, CHC13); IR, 'H  
NMR (60 MHz), and mass (chemical ionization using methane and 
isobutane) spectra and gas chromatographic retention time (5 ft X 
% in 10% FFAP column).

Anal. Calcd for C15H94O: C, 81.76; H, 10.98. Found: C, 81.93; H,
10.91.

Acetylation of Dactylenol (1). A mixture of 25 mg of 1,1.0 mL 
of pyridine (dried over molecular sieves), and 1.0 mL of acetic anhy
dride was heated under nitrogen at 50 °C for 8 h. The solvent was 
removed in vacuo to yield a semisolid residue that was only partially 
soluble in hexane. Gas chromatographic analysis of the hexane sol
ubles on a 5 ft X Vg in 10% FFAP column showed a peak with a ret
ention time identical with that of 4, which corresponded to an ap
proximately 10% conversion of alcohol to acetate.

Hydroboration o f Dactyloxene-B (5). Dactyloxene-B (200 mg) 
was added to 3 mL of 9-borabicyclo[3.3.1]nonane-THF solution (0.5 
M), and the mixture was stirred at room temperature for 3 h. The 
solution was cooled in an ice bath, treated with 2.5 mL of 3 N NaOH 
and then 2.5 mL of 30% hydrogen peroxide, and stirred overnight at 
room temperature. The solution was diluted with water (10 mL) and 
extracted with ether (3 X 10 mL). The ether solution was washed with 
water, dried (MgS04), and evaporated to give 250 mg of a colorless 
oil. This oil was chromatographed on 12 g of silica gel (TLC mesh) 
using chloroform as eluent to give 160 mg of the alcohol 6: IR (neat) 
3450 cm -1; ’ H NMR (100 MHz, CDC13) 5 0.99 and 1.03 (6 H, over
lapping d, J  = 6 Hz, secondary methyls), 1.30 (3 H, s, tertiary methyl),

1.74 (3 H, brd s, vinyl methyl), 3.44-3.96 (2 H, m, -CH2CH2OH), 5.34 
(1 H, m, olefinic H); MS (70 eV) m/e (relative intensity) 182 (M+ -
56,8, -C 4H8), 149 (3), 135 (7), 121 (9), 109 (20), 91 (19), 82 (17), 79 (17), 
77 (14), 69 (13), 67 (18), 56 (42), 43 (75), 41 (100).

Acetylation o f Alcohol 6. A 64-mg amount of alcohol 6 was acet- 
ylated using 0.3 mL of pyridine and 0.3 mL of acetic anhydride at 
room temperature for 72 h. The reaction mixture was hydrolyzed by 
adding a 10% NaHC03 solution and stirring for 3 h. The solution was 
diluted further with water and extracted with ether (2 X 10 mL). The 
combined ether layers were washed with a 5% NaHC03 solution, 1 N 
HC1, and water and then dried and evaporated to give 60 mg of a 
colorless oil that was essentially pure as judged by TLC: JH NMR (60 
MHz, CDCI3) 0 1.00 (6 H, overlapping d, secondary methyls), 1.32 (3 
H, s, tertiary methyl), 2.1 (3 H, s, vinyl methyl), 4.22 (2 H, t, 
-CH 2CH2OH), 5.38 (1 H, m, vinyl H).

Preparation of the Keto Acetate 7 and Keto Acid 8. According 
to the procedure of Brown and Garg,10 the acetate of 6 (60 mg) and 
lithium borohydride (9.9 mg) in 1 mL of ether were treated with boron 
trifluoride etherate (20 mg) dissolved in ether (1 mL). The reaction 
mixture was stirred at room temperature for 2 h, and then water (9.1 
mL) and an oxidizing solution (220 mg of Na2Cr20 7, 9.16 mL of con
centrated H2S 04, and 0.9 mL of H20) were added and the mixture 
was heated at 40 °C (reflux condenser) for 2 h. The reaction mixture 
was cooled to room temperature, the layers were separated, and the 
water layer was extracted further with ether. The combined ether 
layers were dried and evaporated to give a colorless oil, 60 mg.

The crude product was chromatographed on 12 g of silica gel. 
Elution with chloroform-methanol (99:1) yielded 30 mg of the keto 
acetate 7. Subsequent elution with chloroform-methanol (95:5) af
forded 17 mg of the keto acid 8: mp 134-145 °C; IR (KBr) 3300-2500 
(brd), 1700 cm "1; JH NMR (100 MHz, CDC13) 6 1.05,1.08, and 1.12 
(3 H each, d, secondary methyls), 1.27 (3 H, s, tertiary methyl), 2.07 
(AB q, -CH2C02H), 6.3 (1 H, brd, exchangeable, -C 0 2H); MS (70 eV) 
m/e (relative intensity) 268 (M+, 11), 223 (2), 212 (25), 197 (77), 170 
(19), 149 (30), 109 (41), 83 (43), 67 (68), 60 (44), 55 (62), 44 (55), 43 (93), 
41 (100).

Treatment o f the Keto Acetate 7 with Base. The keto acetate 
7 was dissolved in a few milliliters of methanol in which a small piece 
of sodium had been dissolved. The mixture was stirred at room tem
perature overnight and then diluted with water. The product was 
isolated by extraction with ether and chromatographed on silica gel 
as described above for the keto acetate/keto acid mixture to give the 
a,d-unsaturated keto alcohol 9: IR (film) 3400 (OH), 1660,1650 cm-1; 
UV (95% EtOH) Xmax 249 nm (c 16 100); >H NMR (100 MHz, CDC13) 
6 1.02 and 1.25 (3 H each, d, secondary methyls), 1.32 (3 H, s, tertiary 
methyl), 1.78 (3 H, s, vinyl methyl), 3.94 (2 H, t, -CH 2CH2OH); MS 
(70 eV) m/e (relative intensity) 236 (M+ -18,10), 218 (12), 206 (11), 
203 (12), 190 (15), 163 (28), 149 (60), 135 (46), 123 (28), 121 (38), 107 
(65), 91 (45), 81 (53), 77 (47), 67 (60), 55 (65), 43 (55), 41 (100).

Hydroboration o f Dactyloxene-A (12). To 8.0 mg of 12 in 2 mL 
of tetrahydrofuran freshly distilled from lithium aluminum hydride 
was added 16 mg (0.73 mmol) of lithium borohydride. The solution 
was cooled in an ice bath, and 0.6 mL of a THF solution containing
0.24 mg of boron trifluoride etherate was added over a 25-min period. 
The ice bath was removed and the mixture stirred overnight. Then
0.1 mL of 3 N NaOH and 0.1 mL of 30% hydrogen peroxide were 
added, and stirring was continued for 1.25 h at 35-50 °C. Potassium 
carbonate (0.5 g) was added to cause separation of the water and THF 
layers, and the water layer was extracted twice more with 10-mL 
portions of THF. The combined organic layers were dried (MgSOi), 
the solvent was evaporated, and the product was filtered through a 
short column of silica gel (0.4 g, 100-200 mesh). Elution with benzene 
(10 mL) removed a milky oil, and further elution with two 10-mL 
portions of benzene-methanol (85:15 and then 70:30) yielded 77 mg 
of the diol 14: IR (CHC13) 3600 (w), 3420 (brd s), 1450, 1370, 1090, 
1050,1030 cm -1; iH NMR (60 MHz, CDC13) 5 0.90 and 1.03 (over
lapping methyl d, J = 6 Hz), 1.23 and 1.36 (3 H each, s), 3.2-4.0 (3 H, 
brd overlapping mult, -C H 2OH and -CH(OH)-).

Dactyloxene-A Diol Monotrityl Ether 15. To 39 mg of the diol 
14 dissolved in 2.5 mL of dry pyridine was added 150 mg of trityl 
chloride. The reaction mixture, protected by a drying tube, was heated 
on a steam bath for 1.25 h and then cooled to room temperature and 
diluted with 20 mL of dichloromethane and 15 mL of water. The 
layers were separated, and the water layer was extracted again with 
dichloromethane. The combined organic layers were washed with 
water (3 X 10 mL) and 10% HC1 (3 X 10 mL), followed by single 
washes with water, 10% NaHC03, and water again. The organic layer 
was dried (Na2SO,t) and evaporated. The crude product (89 mg) was 
chromatographed on 4 g of 100-200 mesh silica gel. The triphenyl- 
carbinol was eluted with benzene-hexane mixtures and pure benzene.
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Elution with benzene-methanol (98:2) afforded 23 mg of the mono- 
trityl ether 15:1H NMR (60 MHz, CDCI3) <5 0.83 and 0.90 (overlapping 
methyl d, J = 6 Hz), 1.13 and 1.20 (3 H each, s), 3.28 (2 H, t, J = 7 Hz, 
-CH 2-0 -C P h 3), 3.4-4.0 (1 H, m, -CH (OH )-), 7.4 (15 H, m); MS (70 
eV) m/e (relative intensity) 498 (M+, 2), 424 (4), 259 (4), 243 (100, 
Ph3C+), 237 (14), M+ -  18, -Ph3C+), 211 (25), 193 (10), 165 (46), 135 
(10), 121 (7), 105 (21), 91 (6), 77 (13), 69 (10), 55 (17), 43 (31).

Preparation o f Keto Trityl Ether 16. The trityl ether 15 dissolved 
in 3 mL of dichloromethane was added at room temperature to 0.8 
mg of a chromium trioxide-pyridine-dichloromethane solution,11 
which was being stirred rapidly. A black precipitate formed imme
diately. Stirring was continued for 25 min, and then the dichloro
methane was decanted off and the insoluble precipitate washed twice 
with 8-mL portions of ether. The combined organic layers were 
washed with 5% NaOH (3X8 mL), 5% HC1 (8 mL), and 5% NaHC03 
and then dried (Na2S0 4). Evaporation of the solvent gave a quanti
tative yield of the keto trityl ether 16: IR (CCI4) 1712,1100,1080,1058, 
1030 cm-1; JH NMR (60 MHz, CCI4) 6 0.75 and 0.85 (overlapping 
methyl d), 1.17 and 1.28 (3 H each, s), 3.-20 (2 H, t, J  = 6 Hz), 7.30 (15 
H, m); XH NMR (C6D6) 5 0.63 and 0.98 (methyl d), 0.93 and 1.13 (3 H 
each, s), 3.41 (2 H, t, J = 7 Hz, -CH 2-0 -C P h 3), 7.15 and 7.60 (15 H, 
m, -CCPh3).

Treatment of the Keto Trityl Ether 16 with Base. The crude 
keto trityl ether 16 (16 mg) in methanol (0.7 mL) was added to 1.5 mL 
of dry methanol in which a small chip of sodium metal had been dis
solved. The reaction mixture was degassed (vacuum), placed under 
a nitrogen atmosphere, and allowed to stand at room temperature 
overnight. The reaction mixture was diluted with a few milliliters of 
water and then extracted with dichloromethane ( 3 X 8  mL) and 
benzene (3X 8  mL). The combined organic layers were washed with 
water and brine and dried (Na2S04). Evaporation afforded 4 mg of 
a colorless oil which showed carbonyl absorption (strong) only at 1712 
cm-1. The still cloudy basic aqueous methanol layer was acidified with 
a few drops of 5% HC1 and then extracted with dichloromethane (3 
X  8 mL). Workup of the organic layer as above yielded an additional 
9 mg of product that showed carbonyl absorption (strong) only at 1712 
cm_1: 'H  NMR (100 MHz, C6De) 5 0.60 and 0.67 (3 H, overlapping d, 
J  = 7 Hz), 0.90 (3 H, s), 0.93 (methyl d), 1.05 and 1.09 (each a singlet, 
combined area equivalent to 3 H), 3.28 (2 H, t, J  = 7 Hz), 7.1 and 7.55 
(15 H, m). (The doubling of methyl signals indicates that some epi- 
merization has occurred adjacent to the ketone.)

Hydroboration o f Dactyloxene-C (10). Dactyloxene-C (55 mg) 
was hydroborated using 1.5 mL of 9-borabicyclo[3.3.1]nonane-THF 
solution (0.5 M) as described above for the hydroboration of 5. After 
oxidation, extraction, and chromatography, 40 mg of pure alcohol 11 
was obtained: oil; IR (neat) 3400,1450,1370,1100,1045,1005 cm-1; 
!H NMR (100 MHz, CC14) 6 0.98 and 1.00 (overlapping methyl d, J 
= 6 Hz), 1.36 (3 H, s, -C(CH3)-0 - ) ,  1.74 (3 H, m, olefinic methyl), 
3.46-4.0 (2 H, complex m, -CH 2OH), 5.33 (1 H, m, -C H =
C(CHs)-).

Acid Treatment o f Dactylenol (1) with Acid. A mixture of 19 
mg of 1 in 5 mL of ether containing a few crystals of p-toluenesulfonic 
acid monohydrate was allowed to stand at room temperature for a few 
hours. The ether solution was then washed with water, dried, and 
concentrated. The products were analyzed on a 100-ft support coated 
open tubular (S.C.O.T.) FFAP column. Dactyloxene-A (12), a minor 
component, and dactyloxene-B (5), a major component, were iden
tified by peak enhancement. Cyclization catalyzed by BF3 etherate 
in ether at 0 °C with warming to room temperature gave similar re
sults.
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tetrahydrofuran, was purchased from Aldrich Chemical Co., Milwaukee, 
Wis.
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The synthesis and stereochemical assignments of a series of cis- and tra /is-2,5-dialkyl-2,5-dimethylpyrrolidine 
(azethoxyl) nitroxides are described. A significant reduction in steric bulk compared to other nitroxide labeled lip
ids results from integration of the nitrogen atom and two of the pyrrolidine ring carbon atoms into the lipid chain. 
Models suggest the cis isomers resemble the geometry about a cis carbon-carbon double bond, while the trans iso
mers are reasonably good analogues of a saturated chain. In the synthetic route, nitrone 1 was converted (1 -»• 2 -► 
3 8 + 9) into a mixture of nitroxide alcohols 8 and 9. These were separated as diacetates 6 and 7 (trans/cis, 75:25).
The isomer ratio in the series could be altered by the choice of reaction pathways. Thus, nitrone 13 was converted 
via 14 and 15 into a mixture of 8 and 9 (trans/cis, 35:65). Cis,trans structure assignments were made as follows. The 
isomer identities of nitroxides 16 and 17 (prepared from nitrone 2) were established by 19F NMR spectroscopy of 
(+)-methoxy(trifluoromethyl)phenylacetate derivatives 20 and 21. The two series were linked by converting 9 to 
cis nitroxide 17 via 12 and 11. In another series of experiments a mixture of 8 and 9 was converted to separable iso
meric iodides 10 and 11, which were then converted separately into azethoxyl acids 25 and 26 via 23 and 24. Phos
pholipid 31 was prepared by coupling 25 to lysophosphatidylcholine.

Nitroxide2 labeled lipids and phospholipids have been 
used extensively in ESR studies3 of the structure and function 
of biological membranes. Despite the proven usefulness of the 
technique, key studies are sometimes precluded by the un
availability of labels having suitable spectral, physical, and/or 
chemical properties. For example, nitroxide spin label studies 
in certain systems are plagued by ESR signal loss due to in situ 
reduction2 of the nitroxide. Spin labeled analogues of bent 
chain fatty acids such as those which contain a cis double bond 
or a cyclopropane ring have not been readily available. Finally, 
there is the constant concern that the spin labeled molecule 
does not accurately reflect the behavior of its naturally oc
curring analogue owing to the steric bulk of the nitroxide 
moiety.

In a recent communication4 we described a new series of 
minimum steric perturbation nitroxide lipid spin labels with 
unique features making them especially attractive probes for 
the study of biological membranes. These nitroxides are de
rivatives of the pyrrolidine ring system in which the alkyl side 
chains are attached to the C2 and C5 ring atoms. Thus, the 
nitroxide moiety is an integral part of the hydrocarbon chain, 
significantly reducing the steric bulk over that found in other 
classes of nitroxide labels. The existence of cis and trans iso
mers, moreover, provides for a series of either bent or straight 
chain structures. These labels show resistance to reduction 
by sodium ascorbate superior to that of proxyl and doxyl ni
troxides.2’4 For convenience, we have called these spin labels 
azethoxyl5 nitroxides in order to distinguish them from the 
chemically similar but structurally different proxyl nitrox
ides.6

We now describe in detail the synthesis and stereochemical 
assignments of the cis- and irons-azethoxyl nitroxides. The 
ESR spectral characteristics of these labels in a number of 
systems will be the subject of a subsequent paper.7

Results and Discussion
The method of synthesis of the azethoxyl nitroxides takes 

advantage of much of the chemistry developed in the synthesis 
of the proxyl nitroxides.6 Starting with nitrone l 8 (Chart I), 
two successive Grignard addition-air oxidation sequences 
(e.g., 1 —► 2 —► 3) would yield a nitroxide with side chains at
tached at positions 2 and 5 of the pyrrolidine ring. In order 
that the cis isomer would resemble naturally occuring oleic 
acid, it was decided to build a nitroxide in which the pyrrol
idine ring was near the center of the chain, roughly at the 9,10 
position. Thus, nonylmagnesium bromide was added to ni-

0022-3963/78/1 942-4996*01 00/0

trone l .8 The intermediate N-hydroxy compound was oxi
dized to give in 45% yield nitrone 2. The addition of the Gri
gnard reagent derived from the tetrahydropyranyl ether of
6-chlorohexanol followed by Cu2+-catalyzed air oxidation9 
gave nitroxide 3. Although the yield for this reaction is low 
(~ 20%), much of the starting nitrone could easily be recovered 
for reuse. A major side reaction thus appeared to be the gen
eration of the anion of the nitrone which yields the starting 
nitrone upon aqueous workup. The yield of 3 could be im
proved by doing the Grignard addition in refluxing THF.

Chart I

3, R = OTHP
4, R = OH
5, R = 0 S 0 2CH3

R
6 , R = OAc; R' = OAc 
8 , R = 0 -; R' = OH 

10, R = O ; R' = I

7, R = OAc; R' = OAc 
9, R = O • ; R' = OH

11, R = O ; R' = I
12, R = O ; R’ = 0 S 0 2CH3

(O 1978 Amprican PVipmipal qppintir
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Chart II

Chart III

\
R

16, R = O- 
18, R = OAc
20, R = 0 2CC(0CH3)(CF3)C6H5

17, R = O-
19, R = OAc
21, R = 0 2CC(OCH3)(CF3)C6Hs
22, R = OCH2CH2CH3

However, the purification of 3 was complicated by the for
mation of several higher molecular weight nitroxides formed 
under these conditions, presumably via self-condensation of 
the nitrone.

Cleavage of the THP protecting group with p-toluenesul- 
fonic acid in methanol gave the nitroxide alcohol 4 as a mix
ture of cis,trans isomers. It was not possible to separate the 
two alcohol isomers, probably because the hydroxyl group, 
which governs the behavior during chromatography, is remote 
from that portion of the molecule which gives rise to the dif
ferent isomers. However, when the nitroxides were reduced 
(Pd/C, H2) to the corresponding N-hydroxy compounds and 
then converted to the diacetates 6 and 7, it was possible to 
separate these latter isomers by simple column chromatog
raphy on silica gel.

Since it was expected that the Grignard reagent would 
prefer to attack nitrone 2 from the less hindered side, the 
major isomer 6 (75%) was assigned the trans geometry and the 
minor isomer 7 (25%) the cis geometry. These assignments 
later proved to be correct based on the work described below. 
One would also expect that the addition of methyllithium to 
a nitrone in which the two long chain alkyl groups are already 
in place should give a product mixture that favors the cis 
isomer. This proved to be correct. Nitrone 1310 (Chart II) was 
treated with nonylmagnesium bromide followed by copper- 
catalyzed air oxidation to give nitrone 14. The Grignard re
agent derived from 6-chlorohexanol tetrahydropyranyl ether 
was then added to nitrone 14 followed by copper-catalyzed 
air oxidation to give nitrone 15. Methyllithium addition to 
nitrone 15 and subsequent copper-catalyzed air oxidation gave 
a cis,trans mixture of nitroxide 3. Conversion to the diacetates 
6 and 7 followed by chromatographic separation gave a

1 r
b

I

2 1
Figure 1.100 MHz NMR spectra (CDCI3) of (a) trans diacetate 6 and 
(b) cis diacetate 7.

trans/cis ratio of 35:65. Thus, it is possible to control the iso
mer ratio by appropriate choice of reaction pathways.

Since the essentially quantitative catalytic reduction and 
acetylation of the nitroxide function yields diamagnetic 
compounds, this procedure constitutes a useful alternative 
to the in situ phenylhydrazine reduction of nitroxides11 for 
obtaining NMR spectral information. The N -acetoxy deriv
atives have the advantage that they can be stored indefinitely, 
although some conversion to the nitroxide is observed when 
they are chromatographed on silica gel. NMR spectra of 6 and 
7 are shown in Figure 1. Note the characteristic pattern at §
1.6-1.75 for the cis isomer which is absent in the spectrum for 
the trans compound. These patterns were observed for every 
cis-trans combination that has thus far been examined.

Alkaline hydrolysis of diacetates 6 and 7 with concurrent 
air oxidation gave the nitroxide alcohols 8 and 9. The identity 
of the two geometrical isomers was established as follows. 
Nitroxides 16 and 17 (Chart III) were synthesized by the re
action of nonylmagnesium bromide with nitrone 2 followed 
by air oxidation. In this instance, where the primary absorp
tion site is located in the same portion of the molecule that 
gives rise to the different isomers, the isomers were readily 
separated by silica gel chromatography using CHC13 (cis/trans 
ratio, 20:80). The nitroxides were then in turn converted to 
the acetates 18 and 19. The hope was that the trans isomer 
would show two different acetate absorptions in the NMR 
spectrum when complexed with an optically active NMR shift 
reagent12 while the cis isomer (a meso compound) would show 
only one. However, even with a large excess of tris[(3-trifluo- 
romethyl)hydroxymethylene-d-camphorato]europium(III) 
in CCI4, only minor differences in the chemical shift values 
were observed, and there was no evidence of two acetate ab
sorptions for either isomer.

Turning to another approach, catalytic reduction of both 
16 and 17 followed by reaction of the resulting N-OH com
pounds with (+)-methoxy(trifluoromethyl)phenylacetyl 
chloride (MTPAC1)13 using the procedure of Mosher13 gave 
the corresponding MTPA esters 20 and 21 in ~60% yield. The 
reaction of the trans isomer with an optically active acid 
chloride must give rise to two diasteriomeric esters, whereas 
the cis isomer can only yield one compound. The 19F NMR
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Chart IV

25, R = 0 ; R '  = C 02H 
27, R = O ; R' = C02CH3 
29, R = OAc; R' = COCH3

26, R = 0  ;R ' = C 0 2H 
28, R = 0  ;R ' = C 0 2CH3 
30, R = O A c; R ' = C 0 2CH3

0

spectrum for 20 showed two absorptions (see Experimental 
Section). By contrast, the 19F NMR spectrum for 21 showed 
only one.

To complete the isomer assignment of nitroxide alcohols 
8 and 9, 9 was converted to iodide 11 by way of mesylate 12. 
The coupling of 11 with propylmagnesium chloride was readily 
accomplished using Li2CuCl414 as a catalyst. The nitroxide 
moiety was reduced to the N-OH compound under the con
ditions of the reaction and had to be reoxidized, affording 17. 
There was also a sizable amount of the O-alkylated product 
22 isolated. The nitroxide obtained from the coupling reaction 
was identical chromatographically to cis nitroxide 17. Upon 
reduction followed by acetylation, both nitroxides gave the 
same acetate (by NMR).

The presence of a hydroxyl group at the end of the cis- and 
trans-azethoxyl nitroxides made possible their conversion into 
spin labeled analogues of the biologically important fatty 
acids. The method chosen for this transformation was that of 
Meyers et al.,15 in which an alkyl halide is converted into a 
carboxylic acid having a chain two carbons longer.

Fortuitously, when the cis,trans mixture of alcohols 4 was 
converted to the mixture of mesylates 5 and thence to iodides 
10 and 11, it was found that these latter isomers could be 
readily separated by silica gel chromatography. Thus, it was 
no longer necessary to separate the isomers as the diacetates 
6 and 7. The minor (18%) isomer 11 was identical with that 
obtained from nitroxide alcohol 9. Iodides 10 and 11 were 
separetely converted to the corresponding acids 25 and 26 via 
the oxazoline derivatives 23 and 24 (Chart IV). The acids could 
be esterified with diazomethane to give 27 and 28. Catalytic 
reduction of these latter substances followed by acetylation 
as described above gave esters 29 and 30. The NMR spectra 
of 29 and 30 showed the pattern at <5 1.6-1.8 which was char
acteristic of other cis,trans pairs (see above).

A representative phospholipid containing an azethoxyl 
nitroxide was synthesized by coupling trans-10-azethox- 
yleicosanoic acid (25) with lysopalmitoylglycerolphosphati-

dylcholine using carbonyldiimidazole16’17 to give the spin la
beled phosphatidylcholine derivative 31.18

The synthetic route to azethoxyl labeled lipids and phos
pholipids is sufficiently straightforward that these nitroxides 
should prove useful in spin labeling studies. Experiments are 
currently underway to determine their value in probing bio
logical membranes.

Experimental Section19
3.4- Dihydro-2,5-dimethyl-2-nonyl-2fi-pyrrolc 1-Oxide (2).

To 100 mL of a 1.0 M nonylmagnesium bromide solution in ether was 
added with stirring 5.65 g (50.0 mmol) of nitrone l8 in 30 mL of ether 
at a rate sufficient to maintain gentle reflux. The solution was stirred 
for an additional 30 min at 21 °C and then treated with an amount 
of saturated aqueous NH4C1 sufficient to collect the precipitated 
aqueous salts in a mass at the bottom of the flask. The ether layer was 
decanted and combined with two ether washings of the aqueous res
idue. The solvent was evaporated to yield a yellow oil which was taken 
up in 50 mL of CH3OH and 5 mL of concentrated aqueous NH4OH 
and stirred with 1 g of Cu(0A c)2-H20  under 0 2 until the solution 
developed a deep blue color. The solution was diluted with ether and 
H20. The usual workup gave a brown oil which was distilled to give
5.43 g (45%) of 2: bp 100-109 °C (0.005 mm); IR (CCI4) 1595 cm“ 1 
(C=N ); NMR 6 0.88 (3 H, m, term Me), 1.38 (3 H, s, ring Me), 2.02 (3 
H, t, J = 2 Hz, N =CM e), 2.57 (2 H, m, N =CCH 2); MS m/e 239.223
(31) (calcd for Ci5H29NO, 239.225), 222 (34), 113 (68), 96 (75), 73 (27), 
55 (28), 45 (53), 43 (100), 41 (36).

2.5- Dimethyl-5-nonyl-2-(6'-tetrahydropyranyloxyhexyl)tet- 
rahydropyrrole-l-oxyl (3) (Mixture of Cis and Trans Isomers).
To 25 mL of a 1 M THF solution of the Grignard reagent derived from 
the tetrahydropyranyl ether of 6-chlorohexanol was added at 21 °C 
with stirring over a period of 15 min 10 mL of a THF solution of 2.39 
g (0.010 mmol) of nitrone 2. After the addition was complete (~  15 
min), saturated aqueous NH4CI was added. The ether was decanted 
and combined with an ether washing of the residue. The ether was 
evaporated, the residue was taken up in 100 mL of CH3OH and stirred 
vigorously with 30 mg of Cu(0A c)2-H20  for 30 min, and the solvent 
was then evaporated. Silica gel chromatography of the residue (CHC13 
elution) gave 0.929 g (22%) of 3 as a yellow oil sufficiently pure for the 
next reaction. An analytical sample was prepared by preparative TLC 
(ether, R, 0.7): MS m/e 424.380 (6) (calcd for C26H5oN 03, 424.379),
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352 (6), 340 (10), 282 (22), 240 (100), 224 (68), 214 (66), 198 (22), 85 
(100), 73 (20), 69 (26), 57 (24), 55 (33), 43 (26), 41 (30).

2,.5-Dimethyl-5-nonyl-2-(6'-hydroxyhexyl)tetrahydropyr- 
role-l-oxyl (4) (Mixture of Cis and Trans Isomers). To a 50 mL 
CH3OH solution of 0.929 g (2.19 mmol) of 3 was added 70 mg of p- 
toluenesulfonic acid monohydrate. The solution was allowed to stand 
for 2 h at 21 °C and then was diluted with ether and H20. The ether 
phase was washed with H20  and brine, dried over Na2S04, filtered, 
and then evaporated to give a yellow oil. This was taken up in CHCI3 
and put on a 2 X 20 cm dry silica gel column. The column was eluted 
with 200 mL of CHCI3 followed by 200 mL of ether. The ether portion 
was evaporated to give 0.569 g (76%) of 4 as a mixture of the cis and 
trans isomers which was pure by TLC (ether, Rf 0.4).

Trans Diacetate 6 and Cis Diacetate 7. The mixture of cis and 
trans nitroxide alcohols 4 (121 mg, 0.355 mmol) in 3 mL of dry THF 
was hydrogenated in a Brown microhydrogenator20 using 10 mg of 
10% Pd/C catalyst. The hydrogen uptake stopped cleanly at 0.5 mol 
equiv of H2. The mixture was filtered directly into a N2-flushed flask 
and cooled to 0 °C under N2. To the stirred solution was added 0.2 mL 
of EtsN followed by 0.1 mL of acetyl chloride. The mixture was 
warmed to 21 °C, diluted with a four-fold volume of cyclohexane, and 
filtered, and the solvent was evaporated. The residue was put on a 2 
X 35 cm silica gel column which was eluted with CH2C12. A total of 
200 6-mL fractions were collected with the aid of a fraction collector. 
Fractions 30-50 gave 2.2 mg (14%) of the cis isomer 7: single spot by 
TLC (CHCI3, Rf 0.5); IR (CC14) 1770 (N 0 C = 0 ), 1740 (C 0 C = 0) 
cm-1; NMR 8 0.88 (3 H, m, term Me), 1.12 (6 H, s, ring Me), 1.66 (4
H, m, ring Me), 2.03 (3 H, s, acetate), 2.05 (3 H, s, acetate), 4.06 (2 H, 
t, J  = 6.5 Hz, CH20); MS m/e 425.352 (2) (calcd for Ca^vNCL, 
425.350), 410 (3), 383 (20), 368 (11), 298 (43), 282 (49), 256 (81), 240 
(100), 224 (22), 55 (12), 43 (16). Fractions 60-120 gave 65.7 mg (44%) 
of the trans isomer 6: single spot by TLC (CHCI4, Rf 0.4); IR (CCI4) 
1770,1740 cm -1; NMR 8 0.88 (3 H, m, term Me), 1.14 (6 H, s, ring Me),
2.04 (3 H, s, acetate), 2.06 (3 H, s, acetate), 4.06 (2 H, t, J  = 6.5 Hz, 
CH20); MS m/e 425.349 (3) (calcd for C25H47N04, 425.350), 410 (3), 
383 (15), 368 (7), 298 (34), 256 (75), 240 (67), 220 (36), 205 (66), 61 (86), 
57 (45), 55 (44), 43 (100). Later fractions off the column gave nitrox- 
ide-containing material. It was found that if pure 6 or 7 was subjected 
to silica gel chromatography, a certain amount of it was converted to 
the nitroxide, indicating that slow hydrolysis of the acetyl group and 
subsequent oxidation occurred during the chromatography.

3.4- Dihydro-2-methyl-2-nonyl-2Ii-pyrrole 1-Oxide (14). 
Following the procedure for the synthesis of 2, nitrone 14 was obtained 
from nitrone 1310 and nonylmagnesium bromide in 20% yield as a 
yellow oil: bp 90-100 °C (0.005 mm); NMR 8 0.89 (3 H, m, term Me),
I. 42 (3 H, s, ring Me), 1.6-1.9 (2 H, m, CH^C-N), 1.9-2.3 (2 H, m, ring 
CH2), 2.4-2.7 (2 H. m, CH2C=NO), 6.80 (1 H, t, J = 3 Hz, 
CH =N).

3.4- Dihydro-2-methyl-2-nonyl-5-(6'-tetrahydropyranyloxy- 
hexyl)-2H-pyrrole 1-Oxide (15). To a solution of 612 mg (2.54 
mmol) of 14 in 1 mL of THF was added 2.6 mL of a 1.0 M THF solu
tion of the Grignard reagent derived from the tetrahydropyranyl ether 
of 6-chlorohexanol. After a 15-min stir at 21 °C, the solution was di
luted with ether, saturated aqueous NH4C1 was added, and the ether 
was decanted and evaporated. The residue was taken up in 25 mL of 
CH3OH and 1 mL of concentrated aqueous NH4OH, and then 336 mg 
of Cu(0Ac)2-H20  was added. The solution was stirred under air for 
30 min. The solvent volume was reduced by half, and then ether was 
added. The ether layer was washed with saturated aqueous NaHC03 
and brine, dried over K2CC>3, and evaporated to give a yellow oil. 
Chromatography on a silica gel column eluting with acetone gave 403 
mg (39%) of the nitrone 15 as a yellow oil: single spot by TLC (acetone, 
Rf 0.3); NMR 8 0.88 (3 H, m, term Me), 1.38 (3 H, s, ring Me), 2.3-2.7 
(4 H, m, CH2C =N ), 3.2-4.0 (6 H, m, CHsO), 4.58 (1 H, m. O-CH-O); 
MS m/e 409.353 (0.6) (calcd for C ^ v N O g , 409.356), 325 (30), 308
(28), 252 (24), 239 (27), 198 (27), 182 (28), 114 (100), 85 (49), 55 (29), 
41 (35).

Diacetates 6 and 7 via Methyllithium Addition to Nitrone 15.
To a solution of 181 mg (0;22 mmol) of 15 in 6 mL of dry ether was 
added dropwise with stirring under N21.0 mL of a 1.6 M ether solution 
of methyllithium. The solution was treated with saturated aqueous 
NH4CI 2 min after the addition was complete. The ether phase was 
washed with H20  and brine and evaporated, and the residue was 
taken up in CH3OH and stirred with 10 mg of Cu(0Ac)2-H20  under 
air for 15 min. The solvent was evaporated and the resulting green oil 
chromatographed on a silica gel column (CHCI3 elution) to yield 61.4 
mg (34%) of 3 as a mixture of cis and trans isomers. Hydrolysis of the 
THP ether, hydrogenation, acylation, and chromatography as de
scribed above gave 19.0 mg (29% from 3) of 7 and 10.6 mg (16.4% from
3) of 6.

Base Hydrolysis of Trans and Cis Diacetates 6 and 7 to Trans 
and Cis Alcohol Nitroxides 8 and 9. A solution of 40 mg of KOH in 
5 mL of CH3OH was added to a solution of 65 mg (0.15 mmol) of 6 and 
2 mg of Cu(0Ac)2-H20  in 5 mL of CH3OH, and the mixture was stirred 
under air at 21 °C for 6 h. The solution was diluted with ether, washed 
with H20  and brine, and evaporated to give a yellow oil which after 
silica gel chromatography gave 45.5 mg (88%) of 8 as a yellow oil: single 
spot by TLC (ether, Rf 0.4); IR (CCI4) 3200-3600 cm-1 (OH); MS m/e 
340.321 (8) (calcd for C2iH42N 02, 340.320), 326 (7), 310 (6), 240 (100), 
224 (37), 214 (86), 198 (49), 69 (20), 55 (41), 43 (17), 41 (20). Anal. Calcd 
for C21H42N 02: C, 74.06; H, 12.43; N, 4.11. Found: C, 73.81; H, 12.48;
N, 3.78.

In an analogous fashion, 9 was obtained from 7 (76%) as a yellow 
oil: single spot by TLC (ether, Rf 0.4); IR (CC14) 3200-3600 cm-1 
(OH); MS m/e 340 (12), 326 (7), 310 (3), 240 (100), 224 (14), 214 (89), 
198 (16), 55 (231,43 (10). 41 (11). Anal. Calcd for C21H42N 02: C, 74.06;
H, 12.43; N, 4.11. Found; C, 73.58; H, 12.03; N, 4.32.

trans-2,5-Dimethyl-2,5-dinonyltetrahydropyrrole-1 -oxyl (16)
and cis-2,5-Dimethyl-2,5-dinonyltetrahydropyrrole-l-oxyl (17). 
Following the procedure for the preparation of 3, treatment of 122 mg 
(0.51 mmol) of 2 with nonylmagnesium bromide followed by 
Cu(0Ac)2-H20  gave a mixture of 16 and 17 which was chromato
graphed on a dry silica gel column using CHCI3 to yield 26 mg of 16 
(14.2%) as a yellow waxy solid [single spot by TLC (CHCI3, Rf 0.4); 
MS m/e 366.372 (6) (calcd for C24H48NO, 366.374), 352 (2), 350 (3), 
336 (4), 240 (100), 224 (61), 55 (21), 43 (20), 41 (18)]. Anal. Calcd for 
C24H48NO: C, 78.62; H, 13.19; N, 3.82. Found: C, 78.74; N, 13.31; N,
3.66. Also obtained was 6.2 mg of 17 (3.4%) as a yellow oil rsingle spot 
by TLC (CHCI3, Rf 0.3); MS m/e 366 (8), 352 (3), 350 (2), 336 (2), 240 
(100), 224 (35), 69 (15), 55 (15), 43 (22), 41 (10)]. Anal. Calcd for 
C24H48NO: C, 78.62; H, 13.19; N, 3.82. Found: C, 78.14; H, 13.05; N,
3.29.

Trans Acetate 18 and Cis Acetate 19. Nitroxide 16 (10 mg, 0.027 
mmol) in 2 mL of dry THF was hydrogenated in a Brown microhy
drogenator20 using 5 mg of 10% Pd/C catalyst. The mixture was fil
tered directly into a N2-flushed flask and cooled to 0 °C under N2. To 
the stirred solution was added 50 mg of Et8N followed by 35 mg of 
acetyl chloride. The stirred mixture was allowed to warm to room 
temperature, diluted with cyclohexane, and filtered. The solvent was 
evaporated zo give 9.8 mg (89%) of acetate 18 as a yellow waxy solid: 
single spot by TLC (CH2C12, Rf 0.7); IR (CC14) 1770 (N 0C = 0), 1200 
(C-O) cm -1; MS m/e 409.391 (0.5) (calcd for C26H51N 02, 409.392), 
282 (50), 240 (100), 224 (25), 55 (11), 43 (12), 41 (9); NMR 8 0.88 (6 H, 
m, term Me), 1.15 (6 H, s, ring Me), 2.08 (3 H, s, acetate).

Similarly prepared was 4.2 mg of acetate 19 from 4.3 mg (0.012 
mmol) of 17 as a yellow oil: single spot by TLC (CH2C12, Rf 0.8); IR 
(CC14) 1770 (N 0C = 0), 1200 (C-O) cm "1; MS m/e 409.391 (1) (calcd 
for C26H5iN 02, 409.392), 367 (7), 352 (6), 282 (75), 240 (100), 224 (10), 
71 (15), 69 (14), 57 (20), 55 (18), 43 (24), 41(14); NMR 8 0.89 (6 H, m, 
term Me), 1.14 (6 H, s, ring Me), 1.68 (4 H, m, ring CH2), 2.08 (3 H, s, 
acetate).

(+)-Methoxy(trifluoromethyl)phenylacetate Esters of 16 and
17. A solution of 16.8 mg (0.0458 mmol) of 16 in 3 mL of THF was 
hydrogenated in a Brown microhydrogenator using 5 mg of 10% Pd/C;
O. 0226 mmol of H2 was absorbed. The mixture was filtered into a 
N2-flushed flask, and the solvent was evaporated with a slow stream 
of N2. Following the procedure of Mosher,13 a solution of 32.3 mg 
(0.127 mmol) of (+)-methoxy(trifluoromethyl)phenylacetyl chloride13 
in 0.1 mL of CC14 was added followed by 0.1 mL of dry pyridine. After 
an 18-h stir at 21 °C, 1 mL of H20  and 20 mL of ether were added. The 
ether phase was separated, washed with 10% aqueous HC1, saturated 
aqueous NaHCOg, and brine, and then dried over MgSC>4. Evapora
tion of the solvent and chromatography on silica gel gave 16.4 mg 
(61%) of 20 as a colorless oil: single spot by TLC (CH2C12, Rf 0.8); IR 
(CCL,) 1775 (N 0C = 0), 1190 (C-O) cm“ 1; MS m/e 583.419 (0.4) (calcd 
for C34H66N03F3,583.421), 456 (100), 366 (23), 254 (30), 240 (23), 224
(27), 189 (36); NMR 8 0.88 (6 H, m, term Me), 1.10 (3 H, s, ring Me),
I. 12 (3 H, s, ring Me), 3.58 (3 H, m, OCH3).

Similarly prepared using the above procedure was 21 as a colorless 
oil: single spot by TLC (CH2C12, Rf 0.8); IR (CC14) 1775 (N O C=0), 
1190 (C-O) cm“ 1; MS m/e 583.420 (0.2) (calcd for C34H56NO3F3, 
583.421), 456 (36), 366 (11), 316 (43), 308 (13), 254 (24), 240 (13), 224 
(100), 189 (25); NMR 8 0.88 (6 H, m, term Me), 1.00 (3 H, s, ring Me),
1.07 (3 H, s, ring Me), 1.68 (4 H, m, ring CH2), 3.57 (3 H, m, 
OCH3).

Fluorine-19 NMR spectra (proton decoupled) were determined in 
CHCI3 with 3% CF3C 02H as an internal standard. Compound 20 gave 
two peaks, 538.8 and 530.3 Hz downfield from CF3C 02H. Compound 
21 gave one peak, 524.3 Hz downfield from CF3C0 2H.

cis-2,5-DimethyI-5-nonyl-2-(6'-iodohexyl)tetrahydropyr
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role-l-oxyl (11). To a stirred solution of 9.9 mg (0.029 mmol) of 9 and
6.1 mg (0.06 mmol) of Et3N in 1 mL of dry CH2CI2 at —20 °C (dry 
ice-CCl4) was added 5.7 mg (0.05 mmol) of methanesulfonyl chloride. 
The mixture was allowed to warm to 21 °C, 8 mL of cyclohexane was 
added, the mixture was filtered, and the solvent was then evaporated 
to give crude 12 as an orange oil. This was taken up in 1 mL of methyl 
ethyl ketone along with 27 mg (0.18 mmol) of Nal and stirred at reflux 
for 30 min. The mixture was diluted with cyclohexane and filtered, 
and the solvent was evaporated. Preparative TLC (CHCI3) of the 
resulting yellow oil gave 11.6 mg (88%) of cis iodide 11: single spot by 
TLC (CHCI3, Rf 0.3); MS m/e 450.221 (23) (calcd for C21H41NOI, 
450.223), 324 (99), 308 (21), 294 (10), 254 (41), 240 (100), 223 (82), 198
(33), 196 (36), 182 (56), 127 (24), 96 (21), 85 (35), 71 (56), 69 (35), 55
(46), 43 (44), 41 (36). Anal. Calcd for C2iH41NOI: C, 55.99; H, 9.17; N,
3.11. Found: C, 55.69; H, 9.06; N, 2.71.

cis-2,5-Dimethyl-2,5-dinonyltetrahydropyrrole-l-oxyl (17) 
via (11). To a stirred solution of 11.6 mg (0.026 mmol) of 11 in 0.1 mL 
THF at 0 °C under N2 was added 0.13 mL of a 1.0 M solution of pro- 
pylmagnesium chloride in THF followed immediately with 0.01 mL 
of a 0.1 M THF solution of Li2CuCl4.14 After 2 min, saturated aqueous 
NH4CI was added. The mixture was diluted with ether, and the ether 
was decanted and combined with an ether washing of the residue. The 
solvent was evaporated, and the residue was taken up in CH3OH and 
stirred with 5 mg of Cu(0Ac)2-H20  for 30 min. Evaporation of the 
solvent and silica gel chromatography of the residue gave 3.7 mg (35%) 
of O-propyl derivative 22 as a colorless oil [NMR 6 0.8-1.0 (9 H, m, 
term Me), 1.09 (6 H, s, ring Me), 1.51 (4 H, m, ring CH2), 3.66 (2H, t, 
J = 1 Hz, CH20); MS m/e 409.430 (calcd for C27H55NO, 409.428)] and
4.3 mg (46%) of 17, which by TLC was identical with that obtained 
from nonylmagnesium bromide addition to nitrone 2. Catalytic re
duction and acetylation gave 19, identical by NMR with that obtained 
as described above.

irans-2,5-Dimethyl-5-nonyl-2-(6'-iodohexyl)tetrahydropyr- 
role-l-oxyl (10) and eis-2,5-Dimethyl-5-nonyl-2-(6'-iodo- 
hexyl)tetrahydropyrrole-l-oxyl (11). Using the procedure for the 
preparation of 11 as described above, the mixture (394 mg, 0.94 mmol) 
of cis and trans nitroxide alcohols 4 was converted to a mixture of the 
cis and trans mesylates 5: IR (CC14) 1370 (S = 0 ), 1180 (S-O) cm-1; 
MS m/e 418.300 (6) (calcd for C z ^ N C ^ ,  418.299), 292 (50), 276
(23), 240 (100), 234 (42), 224 (47), 126 (25), 113 (29), 108 (25), 96 (62), 
69 (22), 55 (31), 41 (21).

The mixture of 5 was then converted to the mixture of nitroxide 
iodides 10 and 11 (381 mg, 90% from 4). The isomers were separated 
by dry column silica gel chromatography eluting with CHCI3 to give
10 (82%) as a yellow waxv solid: single spot by TLC (CHCI3, Rf 0.4); 
MS m/e 450.221 (9) (calcd for C21H41NOI, 450.223), 324 (100), 308
(12), 240 (100), 224 (26), 196 (27), 96 (20), 69 (43), 57 (47), 55 (61), 43
(33), 41 (56). Anal. Calcd for C2iH41N0I-H20: N, 2.99. Found: N, 2.64. 
Isomer 11, identical with that obtained previously from 9, was also 
obtained (18% yield).

Trans Oxazoline Nitroxide 23 and Cis Oxazoline Nitroxide
24. The procedure used was that of Meyers.15 To a stirred solution 
of 340 mg (3.00 mmol) of 2,4,4-trimethyloxazoline in 2 mL of THF at 
-7 8  °C (dry ice-acetone) under N2 was added 1.6 mL of a 1.6 M so
lution of butyllithium in hexane. After 3 min, the iodide 10 (290.9 mg,
0.646 mmol) in 1.0 mL of THF was added. A white precipitate formed 
after 1 min, and the mixture was stirred for an additional 20 min at 
—78 °C before the bath was removed and the mixture allowed to warm 
to 0 °C, during which time the precipitate dissolved. The solution was 
treated with saturated aqueous NH4C1, diluted with ether, washed 
with H20  and brine, dried over K2CO,3, and evaporated to give a yellow
011 which was chromatographed on silica gel to give 202.2 mg (72%) 
of 23 as a yellow waxy solid: single spot by TLC (ether, Rf 0.4); MS 
m/e 436 (72), 435 (68), 422 (9), 421 (8), 405 (17), 309 (75), 293 (66), 240 
(100), 224 (68), 196 (34), 126 (40), 113 (68), 96 (18), 69 (16), 55 (25), 
43 (12), 41 (16).

Similar treatment of 11 gave 24 (59%) as a yellow oil: single spot by 
TLC (ether, R, 0.4); MS m/e 436 (32), 435.396 (33) (calcd for 
C27H5iN20 2, 435.395), 422 (5), 421 (6), 405 (7), 309 (64), 293 (21), 240 
(100), 224 (27), 196 (30), 126 (44), 113 (56), 96 (29), 69 (38), 55 (77), 
43 (39), 41 (53).

trans-2,5-Dimethyl-5-nonyl-2-(8'-carboxyoctyl)tetrahydro- 
pyrrole-l-oxyl (25) and cis-2,5-Dimethyl-a-nonyl-2-(8'-car- 
boxyoctyl)tetrahydropyrrole-1 -oxyl (26 >. Using the procedure 
of Meyers,16 a solution of 196.8 mg (0.45 mmol) of 23 in 3 mL of methyl 
iodide was allowed to stand in the dark at 21 °C for 14 h. The methyl 
iodide was evaporated and the residue stirred with 8 mL of CH3OH 
and 2 mL of 4 N NaOH for 20 h. The solution was acidified with cold 
1 N aqueous HC1 and washed with ether. The ether solution was 
washed with H20  and brine, dried over MgS04, and evaporated to give

a yellow oil. Silica gel chromatography gave 145.7 mg (84%) of 25 as 
a yellow waxy solid: single spot by TLC (ether/0.5% HOAc, Rf 0.7); 
IR (CC14) 2800-3400 (OH), 1710 (acid carbonyl) cm“ 1; MS m/e 
382.332 (12) (calcd for C23H44N 03, 382.332), 368 (2), 352 (2), 256 (71), 
240 (100), 224 (10), 113 (10), 81 (10), 69 (10), 55 (19), 43 (11), 41 (13). 
Anal. Calcd for Co3H44N 03: C, 72.20; H, 11.59; N, 3.66. Found: C, 
71.77; H, 11.76; N, 3.47.

Similarly prepared from 23 mg of 24 was cis-azethoxyleicosanoic 
acid 26 (73%) as a yellow waxy solid: single spot by TLC (ether/0.5% 
HOAc, Rf 0.7); IR (CCD 2800-3400 (OH), 1710 (acid carbonyl) cm“ 1; 
MS m/e 382.330 (21) (calcd for C23H44N 03, 382.332), 368 (4), 352 (3), 
256 (81), 240 (100), 224 (17), 113 (5), 96 (8), 69 (10), 55 (13), 43 (10), 
41 (14). Anal. Calcd for C23H44NO3-0.25H2O: C, 71.36; H, 11.59; N,
3.62. Found: C, 71.55, H, 11.07; N, 3.21.

Acetate Esters 29 and 30. Treatment of 7.0 mg (0.18 mmol) of 25 
in 0.5 mL of ether with 0.2 mL of a 0.5 M ether solution of diazo
methane followed by silica gel TLC (ether, Rf 0.8) gave the corre
sponding methyl ester 27: IR (CC14) 1745 cm-1 (ester carbonyl). Using 
the procedure described for acetate 6, 27 was converted to acetate 
ester 29: IR (CC14) 1770 (N—0 —C = 0 ), 1745 (CH30 C = 0 )  cm“ 1; 
NMR 6 0.89 (3 H, m, term Me), 1.14 (6 H, s, ring Me), 2.08 (3 H, s, 
acetate), 2.33 (2 H ,t ,J  = 7 Hz, CH2C = 0 ), 3.69 (3 H, s, CH30).

Similarly prepared from 26 was acetate ester 30: IR (CC14) 1770 
(N—O—0 = 0 ) ,  1745 (CH30 C = 0 )  cm“ 1; NMR 6 0.88 (3 H, m, term 
Me), 1.12 (6 H, s, ring Me), 1.66 (4 H, m, ring CH2), 2.06 (3 H, s, ace
tate), 2.31 (2 H, t, J = 7 Hz, CH2C = 0 ), 3.68 (3 H, s, OCH3).

l-Palmitoyl-2-(10'-aza-9',ll'-dimethyl-9',ll'-ethano-N-ox- 
yleicosanoyl)-sn-glycerol-3-phosphatidylcholine (31). The 
procedure followed was patterned after that of Boss.17 To a solution 
of 47.7 mg (0.122 mmol) of 25 in0.4mL of dry CHC13 was added 22.3 
mg (0.137 mmol) of carbonyldiimidazole. After stirring for 20 min at 
21 °C, 35.2 mg (0.071 mmol) of lysopalmitoylglycerolphosphatidyl- 
choline (Sigma) in 0.2 mL of CHC13 was added and the mixture was 
heated under N2 to 50-55 °C for 5 days, during which time most of 
the solvent had evaporated. The reaction was quenched with H20  and 
taken up in CHC13. Azeotropic removal of the H20  by several evap
orations from CHC13 gave a yellow foam which was put on a silica gel 
column prewashed with a 50:50 mixture of CH30H/CHC13 and then 
CHC13 only. The starting nitroxide acid and imidazole were eluted 
with CHC13/CH30H (85:15). Crude 31 was eluted with CHCI3/CH3OH 
(50:50). Final purification on an 18 X 1650 cm Sephadex LH-20 col
umn eluting with 95% EtOH gave 37.3 mg (61%) of 31 as a yellow solid. 
Anal. Calcd for C47H92N2C>9P-3H20 : C, 62.84; H, 10.10; N, 3.12. Found: 
C, 63.07; H, 10.44; N, 3.47.
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Indoles have been converted to 3-hydroperoxyindolenines 
1 on autoxidation or peracid oxidation. Selective reduction 
of the hydroperoxy group in 1 gives 3-hydroxyindolenines 2, 
which can rearrange to either oxindole 31 or indoxyl 42 de-

rivatives. Unfortunately, peracid oxidation can often be 
troublesome as a result of competitive N-oxide formation.3 
Other methods that circumvent this problem involve reaction 
of indoles with ieri-butyl hypochlorite4 or JV-bromosuccini- 
mide5 to give 3-haloindolenines, and these can be converted 
to oxindoles. However, halogénation of the indole benzene 
ring5 can sometimes be competitive with 3-haloindolenine 
formation (vide infra). In this paper, we present a new, high- 
yield method for oxindole preparation, which is based on the 
photosynthesis of 3-hydroxyindolines 6 and their oxidative 
rearrangement to oxindoles 9.

We have reported that N-methyl-3-hydroxyindolines can 
be prepared in excellent yield by photocyclization-rear- 
rangement of 2-(iV-methylanilino)acetoacetates.6 For ex

* Direct corresponcence to this author at the Department of Chemistry, 
Rensselaer Polytechnic Institute, Troy, New York 12181.

ample, irradiation of 5a in «-pentane in the presence of sus
pended sodium carbonate gives 3-hydroxyindoline 6a in 
quantitative yield. In similar fashion, indolines 6b and 6c also 
are prepared. Treatment of these 3-hydroxyindolines 6a-c 
with lead tetraacetate (1.1 equiv) and pyridine (1.1 equiv) in 
benzene solution at room temperature results in a high-yield 
conversion to oxindoles lOa-c (Table I).

In order to unambiguously establish the structure of the 
lead tetraacetate oxidation product, we attempted to prepare 
10a by treatment of JV-methyl-2-carboethoxy-3-methylindole 
with tert-butyl hypochlorite using literature procedures.4 
Under these conditions, products resulting from chlorination 
of the benzene ring as well as the C(3) methyl substituent in 
the indole were obtained. Oxindole 10a was eventually pre-

Scheme I

5a, R =  CH¡
b, R =  CUCII (11.
c, R =  C6Hs

OH

7

OHi
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b, R =  H
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Table I. Oxidation-Rearrangement of 3- 
Hydroxyindolines 6 to Oxindoles 10

compd R yield, %a Mp, °C

10a CH3 80 67.5-68.5
10b CH2CH2CH3 76 83-84
10c c6h 5 70 109-110

a Isolated yield of crystallized product based on the two-step 
sequence from 5.

pared in low yield by reaction of N -methyioxindole with 
lithium diisopropylamide-ethyl chloroformate in THF fol
lowed by alkylation with sodium ethoxide-methyl iodide in 
ethanol. The material thus obtained was found to be identical 
with that isolated from oxidative rearrangement of 6a. Indoxyl 
8a was prepared from previously reported 8b7 by alkylation 
with sodium hydride-methyl iodide in THF. The absence of 
8a from reaction mixtures of 6a with lead tetraacetate was 
confirmed by comparison of appropriate NMR spectral 
data.

A reasonable mechanism for oxidative rearrangement of 6 
requires lead tetraacetate oxidation to iminium ion 7, from 
which rearrangement to carbonium :on 9 occurs. A 1,2 shift 
of the ethoxycarbonyl group in 9 with loss of a proton gives the 
oxindole 10. Migration of an alkoxycarbonyl group to an 
electron deficient carbon is well-documented,8 and we note 
the relevant rearrangement of 11 to 12 reported by Acheson 
and coworkers.9

CH:t CH3
11 12

As a result of our study of substituents compatible with 
photocyclization of 2-anilino keto acetates,6-10 we feel confi
dent that oxindoles with a variety of substituents in the ben
zene ring will be available by utilization of the methodology 
reported here.

Experimental Section
General. 7H NMR spectra were obtained on a Varian A-60A or 

EM-390 NMR spectrometer (tetramethylsilane standard, deuter- 
iochloroform solvent). Infrared spectra were recorded on a Perkin- 
Elmer 137B infrared spectrometer and melting points were measured 
on a calibrated Thomas-Hoover capillary melting point apparatus 
and are uncorrected. Ultraviolet spectra were taken on a Cary 14 
spectrometer. The light source for irradiation was a 450-W Ace- 
Hanovia medium pressure, mercury vapor lamp. Mass spectra were 
obtained on a Finnigan 3300 gas chromatograph-mass spectrome
ter.

Ethyl 2-(N-methylanilino)acetoacctate (5a). A solution of ethyl 
2-bromoacetoacetate (36 .34  g, 0.173 mol) and N-methylaniline (37 .24  
g, 0 .348  mol) in 95%  ethanol (85 mL) was refluxed for 5.5 h. After 
cooling, the solvent was removed in vacuo and the residue dissolved 
in ether (300 ml) which was washed successively with 1 N hydrochloric 
acid ( 4 X 7 5  mL), 1 N sodium bicarbonate solution (1 X  50  mL), and 
water (3  X  100 mL) and dried over anhydrous magnesium sulfate. 
Removal of solvent in vacuo and distillation gave 5a (31 .05  g, 76% , bp 
9 3 -9 5  °C at 0.03 mm): IR (CHCI3) 6 .0 5 ,6 .2 5 ,6 .7 0  fim ; T1 NMR 8 1.10 
(3 H, triplet, J = 7.5 Hz), 1.97 (3  H, singlet), 3.04 (3  H, singlet), 4.11 
(2 H, quartet, J = 7.5  Hz), 6 .5 0 -7 .3 8  (5  H, multiplet), 12.28 (1 H, 
singlet); UV (benzene) Xmax 295 nm h 29 40 ); electron impact mass 
spectrum, m/e 2 3 5 ,1 8 9 ,1 6 1 ,1 1 8 .

Anal. Calcd for Ci3Hi7N 03: C, 66.36; H, 7.28. Found: C, 66.34; H,
7.32.

Ethyl 2-(iV-methylanilino)butyroylacetate (5b). Prepared from 
ethyl 2-chlorobutyroylacetate and IV-methylaniline by the method 
described for 5a (52%, bp 100-102 °C at 0.04 mm): IR (neat) 6.05,6.25,

6.70 ^m; *H NMR 8 0.90 (3 H, triplet, J = 7.5 Hz), 1.09 (3 H, triplet, 
J = 7.0 Hz), 1.61 (2 H, sextet, J = 7.5 Hz), 2.32 (2 H, triplet, J = 7.5 
Hz), 3.02 (3 H, singlet), 4.11 (2 H, quartet, J = 7.0 Hz), 6.58-6.80 (3
H, multiplet), 7.10-7.31 (2 H, multiplet), 12.40 (1 H, singlet).

Ethyl 2-(JV-methylanilino)benzoylacetate (5c). Prepared from
ethyl 2-chlorobenzoylacetate and IV-methylaniline by the method 
described for 5a; purified by medium-pressure liquid chromatography 
on silica gel using benzene/hexane (1:1) as eluent (50% yield): IR 
(CHCI3) 6.09,6.25,6.70 JH NMR 8 1.07 (3 H, triplet, J  = 7.5 Hz),
2.91 (3 H, singlet), 4.14 (2 H, quartet, J  = 7.5 Hz), 6.55-6.86 (3 H, 
multiplet), 7.03-7.40 (5 H, multiplet), 7.62-7.84 (2 H, multiplet).

Ethyl l,3-Dimethyloxindole-3-carboxylate (10a). A solution 
of 5a (4.01 g, 17.1 mmol) and sodium carbonate (18 mg, 0.17 mmol) 
in dry pentane (300 mL) was purged with argon for 30 min and irra
diated with Uranyl glass-filtered light, while a slow stream of argon 
was bubbled through the solution. After 5.3 h, the solution was filtered 
and solvent removed in vacuo at room temperature to give ethyl
l,3-dimethyl-3-hydroxyindoline-2-carboxylate (6a) as a colorless oil: 
IR (neat) 2.90,5.75,6.20 Min; 7H NMR 81.30 (3 H, triplet, J  = 7.5 Hz),
I. 44 (3 H, singlet), 2.78 (3 H, singlet), 2.7 (1 H, broad singlet, disap
pears upon addition of deuterium oxide), 3.97 (1 H, singlet), 4.28 (2 
H, quartet, J = 7.5 Hz), 6.40-7.35 (4 H, multiplet).

A solution of 6 a  in dry benzene (1 8  mL, 18.5 mmol) was cooled to 
5 °C and lead tetraacetate (8 .35  g, 18.5 mmol) was added in portions. 
After stirring for 4.5 h, water (10  mL) was added and the solution 
extracted with ether (3 X  30 mL). The combined ether extracts were 
washed successively with 1 N sodium hydroxide (5  X  20 mL), 1 N 
hydrochloric acid (3 X  29 mL), and water (3  X  20 mL) and dried over 
anhydrous magnesium sulfate. Rotoevaporation of solvent and rec
rystallization from ether/hexane gave 10a (3.17 g, 80% , mp 6 7 .5 -6 8 .5  
°C): IR (CHCI3) 5.75, 5 .8 3 ,6 .1 8 ,6 .7 0 , 6 .80 , 7.25 Mm; 'H  NMR 8 1.14 
(3  H, triplet, J  = 7.0 Hz), 1.63 (3 H, singlet), 3.24 (3  H, singlet), 4.12 
(2  H, quartet, J = 7.0 Hz), 6 .8 0 -7 .4 6  (4  H, multiplet); electron impact 
mass spectrum m/e 233 (1 6 ), 161 (2 5 ), 160 (1 00 ).

Anal. Calcd for C13H15N 03; C, 66.94; H, 6.48. Found: C, 67.01; H,
6.43.

Alternate Preparation of 10a. Ethyl l-methyloxindole-3-car- 
boxylate was prepared by adding a solution of 1-methyloxindole (95 
mg, 0.72 mmol) in THF (0.3 mL) to a stirred solution of lithium di- 
isopropylamide (0.72 mmol from rc-BuLi and diisopropylamine) in 
THF (0.5 mL) at -7 8  °C. After stirring for 30 min at —78 °C, ethyl 
chloroformate (0.07 mL, 79 mg, 0.73 mmol) was added and the solu
tion was stirred at —78 °C for an additional 4 h. Ether (25 mL) and 
1 N hydrochloric acid (0.5 mL) were added and the resulting solution 
was washed successively with 1 N hydrochloric acid ( 3 X 5  mL) and 
water ( 3 X 5  mL) and dried over anhydrous magnesium sulfate. Ro
toevaporation of solvent and recrystallization from hot petroleum 
ether gave ethyl l-methyloxindole-3-carboxylate (23 mg, 15%, mp
96-97 °C): IR (neat) 5.72, 5.80, 6.06, 6.15 Mm; VH NMR 8 1.26 (3 H, 
triplet, J = 7.5 Hz), 3.24 (3 H, singlet), 4.25 (2 H, quartet, J = 7.5 Hz),
4.42 (1 H, singlet), 6.70-7.40 (4 H, multiplet).

A solution of ethyl l-methyloxindole-2-carboxylate (23 mg, 0.11 
mmol), methyl iodide (20 mg, 0.14 mmol), and sodium ethoxide (11 
mg, 0.14 mmol) in absolute ethanol (0.2 ml) was heated to reflux 
temperature for 4 h. After cooling, water (1.0 mL) was added and the 
solution was extracted with ether (3 X  10 mL). The combined ether 
extracts were washed successively with 1 N sodium hydroxide (3 X  
5 mL) and water ( 3 X 5  mL) and dried over anhydrous magnesium 
sulfate. Rotoevaporation of solvent gave 10a (11 mg. 43%, mp 68 
°C).

Ethyl l-Methyl-3-n-propyloxindole-3-carboxylate (10b). 10b 
was prepared from 5b by the method described for 10a, purified by 
column chromatography on silica gel using methylene chloride as 
eluent, and recrystallized from ethyl acetate/hexane (76%, mp 83-84 
°C): IR (CHCI3) 5.75,5.85,6.19,6.70,6.81,7.30, 7.44 Mm; lH NMR 8 
0.83 (5 H, multiplet), 1.14 (3 H, triplet, J = 7.0 Hz), 2.11-2.34 (2 H, 
multiplet), 3.24 (3 H, singlet), 4.13 (2 H, quartet, J = 7.0 Hz), 6.80-7.48 
(4 H, multiplet).

Anal. Calcd for Ci5H19N 03: C, 68.94; H, 7.33. Found: C, 68.89; H.
7.24.

Ethyl l-Methyl-3-phenyloxindole-3-carboxylate (10c). 10c
was prepared from 5c by the method described for 10a. Recrystalli
zation from hexane gave 10c (70%, mp 109-110 °C); IR (CHC13) 5.72,
5.81,6.19,6.70,6.80, 7.30,7.41 Mm; JH NMR 8 1.19 (3 H, triplet, J  =
7.0 Hz), 3.22 (3 H, singlet), 4.22 (2 H, quartet, J  = 7.0 Hz), 6.88-7.57 
(4 H, multiplet), 7.34 (5 H, singlet).

Anal. Calcd for Ci8H17N 03: C, 73 .20; H, 5.80. Found: C, 73 .06 ; H,
5.69.

Ethyl l,2-Dimethylindoxyl-2-carboxylate (8a). A solution of 
ethyl l-methylindoxyl-2-carboxylate7 (1.21 g, 5.5 mmol) and sodium
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hydride (132 mg, 5.5 mmol) in tetrahydrofuran (8 mL) was stirred at 
room temperature for 2 h. Methyl iodide (0.44 mL, 1.00 g, 7.1 mmol) 
was added and the solution refluxed for 2 h. After cooling, ether (30 
mL) was added and the solution was washed with 1 N sodium hy
droxide (3 X  10 mL) and water (3 X  10 mL) and dried over anhydrous 
magnesium sulfate. The solvent was removed in vacuo and the residue 
was separated by preparative thick layer chromatography on silica 
gel using ether/methylene chloride (1:9) as eluent to give 8a (0.87 g, 
68%, mp 63-64 °C): IR (neat) 5.74, 5.88, 6.18 Mm; »H NMR 6 1.20 (3 
H, triplet, J = 7.5 Hz), 1.55 (3 H, singlet), 2.96 (3 H, singlet), 4.17 (2 
H, quartet, J = 7.5 Hz), 6.70-6.88 (2 H, 3 singlets), 7.36-7.70 (2 H, 
multiplet).
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The homologation of aldehydes and ketones is a classic 
problem in organic chemistry with many practical solutions. 
The limitations and disadvantages of the known methods are 
sufficient to warrant development of new methods. We have 
recently described the first preparations of a-halo sulfoxim
ines1 and we envisioned in their chemistry a carbonyl homo
logation scheme (Scheme I).

After considerable experimentation, the most effective 
condition which we found for the condensation of 1 with car
bonyl compounds involved potassium tert-butoxide in a 
mixture of dimethyl sulfoxide (Me2SO) and tetrahydrofuran 
(THF) at 0 °C to room temperature. Table I lists the epoxy 
sulfoximines produced in this manner. The use of symmetrical 
ketones simplified product analysis by restricting the dia- 
stereomers to two in each case. Chromatography on basic 
alumina was found to be acceptable for the isolation of the 
epoxy sulfoximines. Attempts to condense 1 with p-nitro- 
benzaldehyde and 2-propenal under the above conditions were

Table I. Condensation of 1 with Carbonyl Compounds

diastereo-
carbonyl

compound
registry

no.
prod
uct R R'

yield,
%

meric
ratio0

acetone 67-64-1 2a c h 3 c h 3 81 29/72
cyclohexanone 108-94-1 2b -(C h 2)5- 75 32/68
4-tert-butyl- 

cyclohexane
98-53-3 2c -(CH2)2-

CH(f-Bu)-
(CH2)2-

50 b

benzaldehyde 100-52-7 2d H Ph 75 44/56
0 Diastereomers due to contiguous chiral centers at S and the 

a-C. b Mixture of four diastereomers due to chiral centers at S 
and the a-C plus cis-trans ring isomers. The diastereomers with 
the tert-butyl and oxide cis accounted for 90% of the product.

0
II

PhSCH2Cl
II

MeN
1

Scheme I
O
r

PhSCHClM
II

MeN

0
i c = o Ä

PhS— C H -yC ^  
S + \  ' X R'
MeN

2e~

0
1 .  dissolving m etal

2. H

o
PhSNHMe + ^CCHRR'

H

M—B = metallic base

unsuccessful. The diastereomeric alcohols 3 and 4 were ob
tained in good yield by using sodium hydride in THF at 0 °C. 
All four diastereomeric a-chloro-d-hydroxy sulfoximines (3) 
were separated and characterized by NMR spectroscopy. All 
attempts to effect ring closure of 3 and 4 to epoxy sulfoximines 
have been unsuccessful.

Aluminum amalgam in the presence of acetic acid in 
aqueous THF has been found effective for the reductive 
elimination of /1-hydroxy sulfoximines to yield alkenes (eq l ).2

0 OH
Il I A l(H g) ^

PhSCILCR, -------------- *- ( H = (  R2
il " " H O Ac
il T H F , H ,0
NMe

(1)

When the epoxy sulfoximines 2a and 2b were treated under 
the above conditions no isobutyraldéhyde or cyclohexane- 
carboxaldehyde could be detected by gas chromatography. 
Thin-layer chromatography indicated rapid loss of the 
starting material. From the reaction of 2b, cyclohexylmethanol 
was isolated. In the absence of acetic acid 2b is slowly reduced 
to 5 (eq 2). Although the above experiments are not exhaustive 
we have concluded that Scheme I is not likely to provide a 
practical method for homologation of aldehydes and ketones.

0022-3263/78/1943-4233$01.00/0 © 1978 American Chemical Society
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A l(H g)
2b ----------------

THF, HjO (2)

Epoxy sulfoximines may be interesting substrates for other 
types of reactions.

The use of sulfoximine derivatives as nucleophilic alkyli- 
dene transfer reagents has been described earlier.3 To test the 
feasibility of chloromethylene transfer to Michael acceptors 
the reactions shown in eq 3-5 were examined.

Me.O BF,

83%

0

PhS— CfLCl BF;

NMe,

NaH

Me,SO

0
I k -

PhS— CHC1 m

NMe,
7

0

CHO +  7
Cl

,CO,Me
+  7

MeO.C'

PhSNMe, +  \ A ^ CH0 (4) 

8 40%
Cl

-  8 +  Me0 ‘Cv L - C0=Me 15.
42%

In the examples shown, the corresponding chlorocyclo- 
propane derivatives were obtained in moderate yields. The 
isomeric 2-chlorocyclopropyl-l-carboxaldehydes (9) were 
isolated as dinitrophenylhydrazones.

E x p erim en ta l S ection

2,2-Dimethyl-3-(iV-methylphenylsulfonimidoyl)oxirane (2a).
Under a dry nitrogen atmosphere, a solution of 1.06 g (5.2 mmol) of
S-(chloromethyl)-Af-methyl-S-phenylsulfoximine in 15 mL of 
THF-Me2SO (1:2 by volume) was cooled in an ice bath. Addition of 
0.66 g (5.9 mmol) of potassium tert-butoxide (MSA Research Corp.) 
produced a red solution. With continuous stirring 1.15 mL (3 equiv) 
of acetone was added via syringe. The solution was stirred at 0 °C for 
3 h and at room temperature for an additional 4 h. The reaction 
mixture was poured into an equal volume of saturated ammonium 
chloride and extracted three times with equal volumes of ether. The 
ether extracts were washed with several portions of water, dried 
(Na2SC>4), and concentrated by rotary evaporation to give 0.95 g (81%) 
of crude oil. The NMR spectrum of this oil indicated a 28:72 mixture 
of diastereomeric epoxy sulfoximines. Chromatography (silica gel/ 
ether) and fractional crystallization (ether-pentane) resulted in 0.3 
g of one diastereomer as a white crystalline solid, mp 79.5-80.5 °C.

2-(iV-Methylphenylsulfonimidoyl)-l-oxaspiro[2.5]octane (2b). 
Under a nitrogen atmosphere, 4.06 g (19.6 mmol) of S-(chloro- 
methyl)-iV-methyl-S-phenylsulfoximine was dissolved in a mixture 
of 5 mL of THF (distilled from Na) and 17 mL of Me2SO (distilled 
from CaH2). The solution was cooled in an ice bath. Addition of 2.26 
g (20.0 mmol) of potassium tert-butoxide resulted in a red-brown 
solution. After the addition of 4.1 mL (2 equiv) of freshly distilled 
cyclohexanone the reaction mixture was treated as described for 2a 
to give 4 g (75%) of crude brown oil. The NMR spectrum of this oil 
showed the presence of both diastereomeric epoxy sulfoximines. 
Approximately 1 g of the oil was dissolved in ether (5 mL) and cooled 
to -7 8  °C. Scratching induced crystallization. Recrystallization 
(pentane-ether) resulted in the isolation of one diastereomer as a 
white crystalline solid, mp 95-95.5 °C.

6-tert-Butyl-2-(JV-methylphenylsulfonimidoyl)-l-oxaspiro-
[2.5]octane (2c). Under a nitrogen atmosphere 4.02 g (17.4 mmol) 
of S-(chloromethyl)-lV-methyl-S-phenylsulfoximine was dissolved 
in a mixture of 7 mL of THF (distilled from Na) and 15 mL of Me2SO 
(distilled from CaH2). The solution was cooled in an ice bath. Addition 
of 2.36 g (21.0 mmol) of potassium tert-butoxide resulted in a red- 
brown solution. With continuous stirring 6.11 g (40.0 mmol) of 4- 
tert-butylcyclohexanone dissolved in 3 mL of THF and 5 mL of 
Me2SO was added via syringe. After stirring 2 h at 0 °C the ice bath 
was removed and stirring was continued 16 h. The workup followed 
that described for 2a. The crude oil was subjected to fractional sub

limation and steam distillation to remove unreacted ketone to give
2.79 g of a red-brown oil which was finally subjected to column chro
matography. A total of 2.0 g of impure epoxy sulfoximine was ob
tained. The NMR indicated the presence of diastereomers.

irans-l-(iV-Methylphenylsulfonimidoyl)-2-phenyloxirane 
(2d). Under a nitrogen atmosphere 1.4 g (7 mmol) of S-(chloro- 
methyl)-]V-methyl-S-phenylsulfoximine was dissolved in 3.0 mL of 
THF (distilled from Na) and 8.0 mL of Me2SO (distilled from CaH2). 
The solution was cooled to 0 °C in an ice bath. Addition of 0.79 g (7 
mmol) of potassium terf-butoxide resulted in a red-brown solution. 
With continuous stirring 1.72 mL (2 equiv) of benzaldehyde was 
added. After stirring for 30 min at 0 °C the ice bath was removed and 
stirring was continued for 3 h. Workup as for 2a gave a crude oil. The 
oil was dissolved in carbon tetrachloride (50 mL) and concentrated 
again to give 0.907 g (75%) of oil. Column chromatography (silica 
gel/ether) gave 0.24 g of a mixture (44:56) of diastereomeric epoxy 
sulfoximines. Pure N-methylbenzenesulfinamide was also isolated 
from the chromatography and identified by IR and NMR.

2-Chloro-2- (JV-methylphenylsulfonimidoyl)-1 - (4-nitrophe- 
nyl)ethanol (3). To a cold (-7 8  °C) solution of 1.63 g (8.0 mmol) of
S-(chloromethyl)-iV-methyl-S-phenylsulfoximine in 8 mL of dry 
THF was added 3.90 mL (8.0 mmol) of 2.05 M butyllithium. A yellow 
solution resulted. Addition of 1.69 g (12.0 mmol) of 4-nitrobenzal- 
dehyde in 5 mL of THF was made in one portion. After stirring for 
45 min the dark red solution was poured into an equal volume of 
saturated ammonium chloride and extracted twice with 100-mL 
portions of ether. The extracts were washed with 10% aqueous sodium 
hydrogen sulfite and then water. Drying over sodium sulfate and 
concentrating by rotary evaporation gave 2.26 g of a crude yellow solid. 
This material was found to be a mixture of four diastereomers. By a 
combination of fractional crystallization and thick-layer chroma
tography each of the four diastereomers was isolated in high enough 
purity that the proton resonance for each could be measured. Spectal 
data for diastereomers A, B, C, and D have been included in the mi
crofilm edition.

l-Chloro-l-(lV-methylphenylsulfonimidoyl)-3-buten-2-ol (4).
A solution of 0.622 g (3.06 mmol) of S-(chloromethyl)-iV-methyl-
S-phenylsulfoximine in 10.0 mL of THF (distilled from Na) was 
cooled to —78 °C and 1.51 mL of 2.05 M n-butyllithium was added. 
A pale yellow solution was obtained. After stirring 5 min at —78 °C 
0.21 mL (3.1 mmol) of 2-propenal (freshly distilled) was added in one 
portion. The reaction flask was stoppered, wrapped with Parafilm, 
and placed in the freezer (-38  °C) for 11.5 h. The yellow solution was 
poured into an equal volume of saturated ammonium chloride and 
extracted with two equal volumes of ether. The extracts were washed 
with 10% aqueous sodium hydrogen sulfite and water. Drying 
(Na2S04) and concentrating resulted in 0.726 g of slightly yellow oil. 
The a-chloro-/3-hydroxy sulfoximine was further purified by thick- 
layer chromatography to give 0.29 g of 4 (36%).

Reduction of 2c with Aluminum Amalgam in Aqueous THF. 
A total of 0.53 g (~1.6 mmol) of the diastereomeric epoxy sulfoximine 
(2c) contaminated with ~10-20% 4-tert-butylcyclohexanone was 
dissolved in 30 mL of 10% aqueous THF. After adding 0.94 g (16.0 
g-atom) of aluminum amalgam, the mixture was stirred at room 
temperature for 48 h and then filtered. Addition of 20 mL of water 
was followed by extraction with ether. The extracts were dried 
(Na2S04) and concentrated via rotary evaporation to give 0.28 g of 
pale yellow oil. Column chromatography (basic Al203/ether) gave 
0.107 g of a mixture of isomeric 6-tert-butylT-oxaspiro[2.5]octanes. 
The ratio of cis (tert-butyl and oxide) to trans isomers was found to 
be 90:10 by NMR (by comparison of the NMR spectrum to those of 
authentic samples).

(Chloromethyl)[(dimethylamino)phenyl]oxosulfonium Flu- 
oroborate (6). To 1.020 g (5.02 mmol) of S-(chloromethyl)-N- 
methyl-S-phenylsulfoximine in 25 mL of dichloromethane was added 
in one portion 0.773 g (5.23 mmol) of trimethyloxonium fluoroborate. 
A heterogenous mixture was obtained that became homogeneous after 
15 min. After stirring for 30 min diethyl ether was added to precipitate 
the fluoroborate salt (1.264 g, 82.9%). Recrystallization from methanol 
gave fine white needles, mp 159.5-160.5 °C.

Reaction of (Dimethylamino)phenyloxosulfonium Chlo- 
romethylide with Dimethyl Fumarate. In a flamed out flask purged 
with dry nitrogen was added 0.056 g (1.3 mmol) of sodium hydride 
(57% oil dispersion). The oil was removed by washing with pentane. 
The last traces of pentane were blown off in a stream of nitrogen. The 
sodium hydride was slurried in 1.0 mL of THF (distilled from Na) and
2.0 mL of Me2SO (distilled from CaH2) and cooled in an ice bath. A 
total of 0.4 g (1.3 mmol) of 6 in 2.0 mL of Me2SO was added dropwise. 
After 5 min hydrogen ceased evolving and a yellow solution was ob
tained. While stirring at 0 °C, 0.189 g (1.3 mmol) of dimethyl fumarate
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in 1.8 mL of THF was added in one portion. The ice bath was removed 
and the solution was stirred at room temperature for 12 h. The brown 
solution was poured into an equal volume of cold aqueous ammonium 
chloride 4nd extracted with two equal volumes of ether. The extracts 
were backwashed with water, dried (MgS04), and concentrated by 
rotary evaporation to give 0.36 g of a brown semisolid. Column chro
matography (silica gel/30% ether-cyclohexane) resulted in 0.11 g 
(42%) of a diastereomeric mixture of l,2-bis(carbomethoxy)-3-chlo- 
rocyclopropane and 0.13 g (60%) of IV.lV-dimethylbenzenesulfinam- 
ide.

Reaction of 7 with 2-Propenal. The reaction was carried out in 
the manner described above. The extraction was done with pentane. 
Some product codistilled with pentane, but the residue after con
centration and treatment with 2,4-dinitrophenylhydrazine yielded 
40% of 2-chlorocyclopropanecarboxaldehyde as its 2,4-dinitrophen- 
ylhydrazone, mp 160-161 °C. In a separate run, lV,lV-dimethylben- 
zenesulfinamide was found to be produced in 81% yield.
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In the course of our work directed in the area of the Diels- 
Alder reaction, we required the preparation of compounds 
such as 1. It was thought the use of 2-(2-furyl)-l,3-dithiane

1

(2) as a nucleophilic acylating agent would provide an efficient 
entry into such a system. The use of lithiated 1,3-dithianes is 
well known and is the subject of two excellent reviews by 
Seebach.1’2 Interestingly, the synthesis and use of compound
2 had not previously been recorded in the literature. We wish
to report the preparation of 2 and the temperature dependent 
rearrangement of the anion produced from 2.

Results and Discussion
Preparation and Metalation of 2-(2-Furyl)-l,3-di- 

thiane. The preparation of dithiane 2 was accomplished in

75% yield from furfural using the method of Corey and See
bach.3 Metalation of 2 is complete within 10 min at —78 °C 
(method A). Reaction of anion 3 at —78 °C with crotonal- 
dehyde and ethyl formate led to the isolation of alcohol 4 and 
aldehyde 5 in 95 and 60% yields, respectively.

THF

e x c e s s  H C ( 0 ) 0 E t  

~ ~  T H F

Temperature-Dependent Rearrangement of 3. When 
metalation was attempted using the method of Corey and 
Seebach3 (method B), anion 3 underwent a novel rearrange
ment resulting in the formation of 6. Analogy for such a re-

arrangement has previously been reported in the literature.4 
The rearrangement of 2-lithiomethylthiadiazoles reported by 
Meyers was also shown to be temperature dependent.4®

N—N N— N = - = C H ,

Compound 6 is postulated to account for the unexpected 
formation of ketene thioacetal 7, the result of quenching the 
anion produced by method B with crotonaldehyde at —78 °C. 
Structural assignment 7 is based on the spectral character
ization data (Experimental Section). The formation of 7 could 
be envisioned by one of two possible mechanisms. Compound 
7 could arise from a 1,4 addition to crotonaldehyde at the y

6

position of dienolate 6, followed by cyclization and subsequent 
loss of H2O. The other possibility is a Diels-Alder addition of 
6 with crotonaldehyde followed by elimination of water after 
acidification.5

Further insight into the rearrangement was gained by 
quenching 6 with trimethylchlorosilane. Aqueous workup of 
the reaction furnished the cis unsaturated aldehyde 9 in 
quantitative yield. The structure is based on spectral data and 
the conversion of 9 to n-pentyl alcohol by successive treatment 
with NaBH4 and Raney-Nickel.6 The coupling constant of 7.5 
Hz between H2 and H3 is indicative of a cis double bond when 
compared to trans-2-penten-4-ynal, a known trans-a,j3-un-
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Notes J . Org. C h e m ., V o l. 4 3 , N o . 2 1 ,1 9 7 8  4237

Table I. Calculated Structural Parameters for t-Bu3SiX 
(X = CH3 and H)

r(Si-Cqa), Â 1.925 1.916
r(Si-X), A 1.878 1.483
r(Cq-C), Â 1.535 1.533
ö(Cq-Si-Cq), deg 113.5 114.7
0(C-Cq-C), deg 106.9 107.8
A <pb 15.3 14.4

a Cq — quaternary carbon atom. 5 A<j> = average angle of twist 
from the staggered conformation. See structure above.

ylsilane (2).2 We have succeeded in obtaining 1 by n-Bu3SnH 
reduction of t-BuaSiCH^Br (3), which was prepared by bro- 
mocarbene insertion into 2.3

Full relaxation empirical force field calculations4 show that 
1, like 2,1 has C3 symmetry in the ground state. Each tert- 
butyl group is twisted ca. 15° from a staggered conformation, 
thus rendering the three methyls in each group diastereotopic. 
The silyl methyl group is twisted by 11° in the same sense as 
the tert- butyls. The mutual repulsion of the bulky tert-butyl 
groups is the dominant structural feature of 1 (Table I). This 
is reflected in the long Cq -Si bonds and in the wide Cq-Si-C q 
angles (113.5°). Replacement of the silyl CH;i by H (2) allows 
the feri-butyl groups to move farther apart [fl(C-Si-C) = 
114.7°] with a concomitant relaxation of other structural pa
rameters. It is noteworthy that this angle in 2 is essentially the 
same as the C-Si-C angle calculated for trimesitylsilane 
(114.9°);6 in analogous t-Bu3MX and (mesityl)3MX systems, 
the C-M -C angles' are also closely comparable for M = C, X 
= H (116.07 and 115.9°,8 respectively)9 and for M = P, X  = 
lone pair (109.912 and 109.7°,13 respectively). Evidently, 
feri-butyl and mesityl groups have similar steric demands in 
the C3 ground states of these congested systems.

Hindered rotation about the Si-C bond in tri-terf-butyl- 
halosilanes (f-Bu3SiX) has been reported,2® with AG* values 
of 8.2, 7.8, and 7.6 kcal/mol for X  = I, Br, and Cl, respective
ly.14 We have observed an analogous process in the variable 
temperature 100 MHz 7H NMR spectra of 1. At —117 °C, the 
tert-butyl methyl singlet splits into two peaks in a 2:1 ratio,15 
with Ar = 16.5 Hz. The calculated value of AG*c = 7.9 ±  0.3 
kcal/mol lies within the narrow range of barriers for the 
halosilanes, suggesting that the steric requirements for CH3, 
Cl, Br, and I are similar in these systems. The significantly 
lower barrier for parent compound 2 (AC4-140 = 6.1 kcal/ 
mol1) indicates that 2 suffers less intramolecular crowding in 
the transition state.

Experimental Section
All reactions were carried out under a nitrogen atmosphere. 

Phenyl(dibromomethyl)mercury16 and tri-tert-butylsilane17 were 
prepared using reported procedures. Chlorobenzene was washed with 
concentrated H2SO4 and then aqueous NaHC03 solution, dried over 
anhydrous MgSCL, and distilled from P2O5 onto type 3A molecular 
sieves. Tri-n-butyltin hydride was used as purchased from Alfa- 
Ventron Corp., Danvers, Mass. Melting points were taken on a 
Thomas-Hoover apparatus and are corrected. Ambient temperature 
IH NMR spectra were recorded on a Varian A-60A instrument. All 
GLC analyses were carried out on a FM Research Chromatograph 810 
with a 6 ft X  0.25 in SE-30 (20% on Chromosorb W) column. Ele

mental analyses were performed by Schwarzkopf Microanalytical 
Laboratories, Woodside, N.Y.

DNMR Measurements. All variable temperature *H NMR spectra 
were recorded at 100 MHz in the Fourier transform mode on a Varian 
X L -100. The spectrometer was locked on 19F present in the CF2CI2 
solvent. Temperature measurements were made with a copper-con- 
stantan thermocouple inserted directly into the 10 mm o.d. sample 
tube at coil height. Temperatures are considered to be accurate to ±2 
°C, although within a given series smaller differences (ca. ±0.5 °C) 
were considered significant. Activation parameters were obtained by 
a least-squares fit of the rate data obtained by lineshape analysis using 
the Saunders program18 and the Eyring equation.

Preparation of Tri-tert-butyl(bromomethyl)silane (3). 
Compound 2 (9.0 g, 0.045 mol), PhHgCHBr2 (9.3 g, 0.021 mol), and 
15 mL of chlorobenzene were placed in a 100-mL two-neck flask 
equipped with a nitrogen inlet, magnetic stirrer, and condenser. The 
mixture was then heated at reflux for a period of 96 h. The dark red 
liquid was cooled to room temperature, and the PhHgBr precipitate 
was filtered and washed with n-pentane. Vacuum distillation of the 
combined filtrates allowed removal of the remaining solvent and re
covery of the excess of unreacted 2. Consecutive sublimations of the 
resulting pot residue at 90 °C (0.5 Torr) gave 2.5 g (41%) of 3 as a white 
waxy solid: mp 189-195 °C; !H NMR (CDCI3) S 1.18 (s, CH3), 2.73 (s, 
CH2Br). Anal. Calcd for Ci3H29BrSi: C, 53.22; H, 9.96; Br, 27.24. 
Found: C, 53.65; H, 9.98; br, 27.04.

Preparation of Tri- ter t-butylmethylsilane (1). Compound 3 
(0.90 g, 0.0031 mol) and 20 mL of heptane were placed in a 25-mL 
three-neck flask equipped with a condenser, nitrogen inlet, and 
magnetic stirrer. The reaction vessel was flushed with nitrogen, n- 
Bu3SnH (0.89 mL, 0.0034 mol) was added by syringe, and the reaction 
mixture was refluxed for 24 h. The solvent was removed by vacuum 
distillation. Preparative GLC of the resulting pot residue gave 0.29 
g (44%) of 1: o p  (sealed tube) 141-145 °C; !H NMR (CDC13) 5 -0.06 
(s, Si-CH3), 1.04 (s, CH3). Anal. Calcd for C13H30Si: C, 72.80; H, 14.10; 
Si, 13.10. Found: C, 72.88; H, 14.10; Si, 12.96.
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Chart I. Changes (A6) in Chemical Shifts of 11 after the 
Addition of 1 Equivalent o f Eu(fod)3

since reaction of 5 with lithium aluminum hydride in diethyl 
ether at 0 °C reduced not only the acetate but also displaced 
this chlorine to yield the cyclohexene 7. The mass spectrum 
of 7 revealed a M+ — H2O fragment ion at m/e 248 for 
CioHuBrCl. The resultant endocyclic olefin proton, appearing 
in the 1H NMR spectrum at 8 5.49, was shown by spin de
coupling not to be coupled to the primary a-hydroxyl protons 
[6 3.76 (t, J  = 6.2 Hz)], thus establishing that the proposed 
reduction had occurred. An allylic -C H X - singlet remained 
(5 4.29) for the C-8 methine, as well as a pseudoaxial halo
gen-bearing methine proton at 8 4.51 (dd, J  = 6.1 and 10.0 Hz). 
The 1,4-dehalogenation product 8, resulting from reaction of 
1 with zinc in acetic acid at room temperature, also showed the 
loss of one bromine and one chlorine by the molecular ion in 
the mass spectrum at m/e 248 (Ci0H14BrCl) and thus cor
roborated these two halogen assignments in 1. Upfield shifts 
of the C-6 axial proton in 7 and 8 relative to 1 reveal that the 
deshielding effect of one 1,3-diaxial proton-halogen interac
tion in the 'H NMR spectrum is approximately 0.3 ppm.

Finally, the isolated allylic halogen in 1 was shown to be 
chlorine. Treatment of 7 with silver acetate in aqueous acetic 
acid containing tetrahydrofuran yielded the allylic alcohol 9 
and allylic acetate 10 in a 4:1 ratio. The structure of the acetate 
10 was confirmed by LiAlH4 reduction to yield 9. Both 9 and 
10 contained only one bromine atom. Interestingly, the car- 
bonium ion which is generated from the loss of the allylic and 
neopentyl chlorine is trapped regio- and stereospecifically 
without methyl migration. In 9 and 10, the olefin proton is 
observed in the XH NMR spectrum as a singlet and the C-6 
pseudoaxial methine proton remains intact as a doublet of 
doublets.

The geometry of the olefin in 1 was determined by an 
Eu(fod)3-induced shift study8 of the primary allylic alcohol 
11, which was obtained by saponification of the primary ace
tate 5. The induced shifts of the protons in 11 indicated that 
the alcohol has the stereochemistry as shown in Chart I. The 
geometry of the olefin was clearly established as E, and the 
isolated C-8 methine proton was shown to be equatorial.9

Ochtodiol (3) was isolated in trace amounts (0.1% of the 
extract) after repeated silica gel and Florisil chromatography. 
Acetylation (Ac20/pyridine/room temperature) gave the di
acetate 12, which was established to have the molecular for
mula Ci4Hig04BrCl by high-resolution mass measurements 
of the M+ — HOAc and M+ — HC1 fragments. The XH NMR 
similarities between ochtodiol, its diacetate, and the two silver 
acetate reaction products 9 and 10 greatly facilitated the 
structure assignment of this diol.9

The C-6 halogen in 3 was assigned as a pseudoequatorial 
bromine based upcn a comparison of the XH NMR band for 
the C-6 methine proton at 8 4.43 (dd, J = 4.8 and 11.2 Hz) with 
that from 8 [5 4.44 (dd, J = 6.6 and 9.7 Hz)], and also the C-6 
methine proton of 9 [5 4.23 (dd, J = 5 and 12 Hz)] with that 
of 11 [6 4.27 (dd, J  = 5.8 and 11.0 Hz)]. All of these protons 
illustrated pseudoaxial-pseudoaxial and pseudoaxial pseu- 
doequatorial coupling constants. The C-6 methine proton was 
further determined by spin decoupling to be in an isolated 
CHX-CH2-CHY constellation where Y is hydroxyl. The C-4

methine proton was observed as a multiplet at & 4.32 and was 
coupled to a two-proton multiplet at 8 2.30. The C-8 olefin 
proton appeared as a singlet at 8 5.69 and the two methyl 
groups as singlets at 8 1.19 and 1.07. The remaining protons 
at C-l and C-2 were also related by spin decoupling and ap
peared at 8 4.32 (C-2 proton) and 3.62 (C-l methylene pair). 
Two D20  exhangeable protons were also observed at 8 2.95 and
3.10. They were replaced by two 3 H singlets at 8 2.07 in the 
spectrum of the diacetate 12. Also observable in the spectrum 
of the diacetate was the C-4 methine proton at 8 5.39. The 
coupling constants for this proton (dd, J  = 2.7 and 3.6 Hz) 
clearly established it to be pseudoequatorial.

Ochtodes secundiramea, although relatively sparse, was 
one of the few collectable red algal representatives to be found 
in the Caribbean waters along the coast of Belize. This alga 
is also quite unique in its bright red-blue fluorescent ap
pearance, which is the result of refractance from large lipid
like bodies dispersed along the cortex of the thallus of the alga. 
Studies of similar bodies in Laurencia and Plocamium species 
have shown that these bodies are the sites of storage of the 
products of halogen metabolism.10 The very large concen
trations of ochtodene in O. secundiramea (50% of the organic 
extract) and the sensitivity of this compound toward nucle
ophiles suggest that it may be stored in these retractile bodies. 
Indeed, when fresh plants were briefly dipped in cool ethanol, 
the refractile bodies were destroyed, and by TLC the ethanol 
extract contained ochtodene. Finally, the production of hal- 
ogenated monoterpenes may result in decreased predation of 
this alga in an ecosystem with many rapacious herbivores. In 
this regard, ochtodene is physiologically active against mi
croorganisms showing strong antibacterial activity (agar plate 
method, 20 mm inhibition at a 0.5 mg disc load) against 
Staphylococcus aureus.

Experimental Section
NMR spectra were recorded on a Varian HR-220 spectrometer 

with computerized Fourier transform and spin-decoupling capabili
ties. 13C NMR spectra were recorded on a Varian CFT-20 spectrom
eter. Chemical shifts are expressed as 8 values in ppm relative to Me4Si 
= 0. Infrared spectra were obtained on a Perkin-Elmer 137 sodium 
chloride spectrophotometer, UV spectra were recorded on a Perkin- 
Elmer 124 spectrophotometer, and optical rotations were measured 
on a Perkin-Elmer 1410 polarimeter. Low-resolution mass spectra 
and high-resolution mass measurements were supplied by the Ana
lytical Facility at the California Institute of Technology. Low-reso
lution GC-MS were obtained using a Hewlett-Packard 5930A mass 
spectrometer interfaced with a Hewlett-Packard 5910 gas chroma
tograph. Elemental analyses were supplied by Galbraith Laboratories, 
Inc., Tenn. All high pressure liquid chromatography separations were 
obtained using a Waters 6000 LC with 2 X 1 ft ii-porasil as the support. 
Melting points were measured on a Fisher-Johns apparatus and are 
reported uncorrected.

Collection and Extraction. Ochtodes secundiramea (Montagne) 
Howe was collected in the shallow lagoon area between the reef crest 
and the coral rubble on the east side of Water Key, 12 miles off the 
coast of Stann Creek, Belize, in April 1977.® The algae were stored 
fresh in 2-propanol. Subsequent pentane extraction of the decanted 
2-propanol solution yielded 0.6 g of extract. This pentane extract was 
obtained to examine for highly volatile components; none were found. 
The algae were then homogenized and extracted with IPA/CHCI3 (1:2) 
to yield an additional 0.47 g of extract. The total organic extract was 
1.95% of the dried extracted weight of the algae.

Ochtodene (1). The crude extract (1.0 g) was applied to a silica gel 
column (2.5 X 45 cm) prepared with 100% petroleum ether. Ochtodene 
(1; 0.50 g, 0.9% of the dried extracted weight) was eluted pure with 10% 
diethyl ether in petroleum ether. Compound 1 : mp 60-62 °C; [ « ] 23d  

+ 179° (c 12.0, CHCI3); high-resolution mass measurement of M+ -  
Br, observed m/e 282.969 (C10H1479Br36CI2 requires m/e 282.966); 
low-resolution mass spectrum (50 eV), m/e (halogen composition, 
relative intensity) 362 (79Br235Cl2, 1-3), 327 (Br2Cl, 7.7), 283 (BrCl2,
26.0), 247 (CIBr, 18.0). 211 (Br, 23.3), 203 (Cl2, 50.7), 167 (Cl, 100.0), 
91 (86.7); XH NMR [CDC13 (benzene-d6)] 8 1.03 (0.59) (3 H, s), 1.30 
(1.16) (3 H, s), 2.55 (2.01) (1 H, ddd, J = 4.8,12.5, and 15.0 Hz), 2.71 
(2.40) (1 H, ddd, J = 1.8, 4.5, and 15.0 Hz), 4.05 (3.24) (1 H, dd, J =
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7.0 and 12.5 Hz), 4.20 (3.48) (1 H, dd, J  = 10.0 and 12.5 Hz), 4.40 (3.79) 
(1 H, s), 4.85 (4.85) (1 H, dd, J  = 4.5 and 12.5 Hz), 4.99 (4.28) (1H, dd, 
J = 1.8 and 4.8 Hz), 5.96 (5.22) (1 H, dd, J  = 7.0 and 10.0 Hz); 13C 
NMR [CDC13 (benzene-d6)] 5 20.4 (20.2) (q), 28.5 (28.5) (q), 37.6 (37.6) 
(t), 41.32 (41.3) (t), 41.32 (41.6) (s), 50.41 (50.5) (d), 52.7 (53.2) (d),
69.95 (69.9) (d), 131.9 (132.0) (d), 137.7 (137.3) (s); IR (CC14) 2960, 
2870,1380,1360,897 cm“ 1.

An epimer or double-bond isomer lb and a trichlorobromo analogue 
la of ochtodene (1) were also detected in fractions containing mixtures 
from silica gel chromatography (10% diethyl ether in petroleum ether). 
The low-resolution GC-MS of la provided the following: m/e 318 
(M+, C10Hi435Cl379Br, 2.6), 283 (Cl2Br, 17.8), 239 (Cl3, 15.8), 203 (Cl2,
79.5), 187 (Cl2, 23.6), 167 (Cl, 100.0), 131 (47.9), 91 (75.3).

The low-resolution GC-MS of lb was quite similar to 1 in ion 
fragments; m/e 362 (M+, C10H1479Br23SCl2, 1), 327 (Br2Cl, 5.6), 283 
(BrCl2, 37.3), 247 (BrCl, 20.9), 211 (Br, 20.2), 203 (Cl2, 39.6), 167 (Cl,
94.0) , 91 (100.0).

Retention times using temperature programming (160-250 °C, 
2-min delay, 16 °C/min) on a 2 M 3% SP-2401 column (He flow, 60 
mL/min) were 5.0 min for 1, 4.1 min for lb, and 3.45 min for la.

Chondrocole A (2). Elution of pure chondrocole A (2) (0.04 g) was 
facilitated by silica gel chromatography using 25% diethyl ether in 
petroleum ether. The NMR and mass spectra and optical rotation of 
2 were identical with those of an authentic sample of chondrocole A 
obtained from the red alga Chondrococcus hornemanni (Mertens) 
Schmitz collected in Hawaii.6

Aldehyde 6. Sodium iodide (0.05 g, 0.33 mmol) was added with 
stirring to an ice-cooled solution of 1 (0.06 g, 0.165 mmol) in 15 mL 
of acetone. After 5 min, the ice bath was removed and the solution was 
stirred for an additional 15 min. To the acetone solution was added 
15 mL of saturated NaCl solution, and the aqueous phase was ex
tracted with 3 X 35 mL of diethyl ether. The combined organic phases 
were washed twice with 15 mL of saturated NaCl solution, dried 
(MgS04), and reduced in volume in vacuo to yield 60 mg of an oily 
residue. :H NMR (benzene-cG) revealed a 1:2 mixture of 1 and the 
primary allylic iodide (4): 5 0.61 (3 H, s), 1.16 (3 H, s), 2.09 (1 H, ddd, 
J = 5,12.5, and 15.0 Hz), 2.41 (1H, ddd, J  = 1.8,4.5, and 15.0 Hz), 2.95 
(1 H, dd, J = 7.5 and 10.0 Hz), 3.25 (1 H, dd, J  = 10.0 and 10.5 Hz),
3.79 (1 H, s), 4.38 (1 H, dd, J = 1.8 and 5.0 Hz), 4.86 (1 H, dd, J  = 4.5 
and 12.5 Hz), 5.23 (1 H, dd, J = 7.5 and 10.5 Hz)

Simply removing the benzene-dg under vacuum followed by ex
posure to air caused extensive decomposition. From this dark violet 
oily material, the aldehyde 6 was obtained (10 mg) by repeated LC 
purification using 25% diethyl ether in hexane as the solvent system. 
Compound 6: 7H NMR (CDC13) 5 1.02 (3 H, s), 1.30 (3 H, s), 2.50 (1 
H, ddd, J = 4,10, and 15 Hz), 2.71 (1H, ddd, J -  2,5, and 15 Hz), 4.33 
(1H, s), 4.77 (1H, dd, J  = 5 and 10 Hz), 5.51 (1H, dd, J  = 2 and 4 Hz),
6.01 (1H, d, J  = 7 Hz), 9.94 (1 H, d, J  = 7 Hz); IR (CHC13) Gc=o) 1683 
cm-1; low-resolution mass spectrum (50 eV), m/e 298 (M+, BrCl2,0.3), 
283 (BrCl2, 1.4), 263 (BrCl, 2.5), 247 (BrCl, 2.1), 227 (Br, 9.3), 183 (Cl,
10.0) .

Acetate 5. Ochtodene (1; 0.0159 g, 0.044 mmol) was added to 2 mL 
of CC14 and 1 mL of H20. Na0Ac-3H20  (0.009 g, 0.066 mmol) was then 
added with stirring. After the sodium acetate had dissolved, 1 drop 
of Adogen 464 (Aldrich Chemical Co.) was added. The mixture was 
refluxed for 3 h. Saturated NaCl solution (10 mL) was added, and the 
aqueous phase was extracted with 3 X 30 mL of diethyl ether. The 
combined ether layers were then dried (MgS04) and reduced in vacuo. 
Purification by LC using 10% diethyl ether in hexane provided 16.3 
mg (96%) of the acetate 5 :3H NMR (CDC13) <S 1.00 (3 H, s), 1.30 (3 H, 
s), 2.09 (3 H, s), 2.55 (1 H, ddd, J  = 5,13, and 14 Hz), 2.70 (1 H, ddd, 
J = 2,5, and 14 Hz), 4.39 (1H, s), 4.56 (1 H, dd, J  = 5 and 14 Hz), 4.83 
(1 H, dd, J = 5 and 13 Hz), 5.07 (1 H, dd, J = 2 and 5 Hz), 5.84 (1 H, 
dd, J  = 5 and 8 Hz); IR (CCL*) Gc=o) 1725 cm-1; low-resolution mass 
spectrum (50 eV), m/e 307 (BrCl, 31.3), 271 (Br, 4.7), 247 (BrCl, 21.9), 
229 (Br, 25.0), 167 (Cl, 50.0). Elemental analysis: 19.71% Br (calcd, 
26.5%).

LiAlH4 Reduction. Cyclohexenol 7. Excess LiAlH4 (ca. 6 mg) was 
added to a well-stirred and ice-cooled solution of 5 (0 .021 g, 0.0544 
mmol) in 10 mL of anhydrous diethyl ether under argon. The mixture 
was stirred for 0.5 h at 0  °C and then quenched by adding H20  
dropwise until no further reaction occurred. A pinch of MgS04 was 
added with stirring. The reaction mixture was then filtered, and the 
filtrate was washed with 30 mL of diethyl ether. After reducing the 
ether solution under vacuum, the residue was chromatographed by 
preparative silica gel thin-layer chromatography (diethyl ether/ 
benzene (1 :1 ), 0 .2  mm sheets; Rf 0 .3 2 -0 .5 0 ) to yield 9 mg of pure al
cohol 7 :3H NMR (CDC13) 51 .11  (3 H, s), 1.27 (3 H, s), 2.39 (2 H, mult), 
2.64 (1 H, mult), 2.85 (1 H, mult), 3.76 (2  H, t, J = 6.2 Hz), 4.29 (1 H, 
s), 4.51 ( 1 H, dd, J =  6.1 and 10.0 Hz), 5.49 ( 1 H, mult); IR (CCD G q h )

3600 cm-1; low-resolution mass spectrum (50 eV), m/e 248 (BrCl,
20.0), 213 (Br, 16.7), 169 (Cl, 40.0), 133 (80.0), 91 (100.0).

Diene 8. Zinc dust (0.025 g, 0.385 mmol) was added with stirring 
to 1 (0.025 g, 0.069 mmol) in 2 mL of dry acetic acid at room temper
ature. After stirring for 1 h, 10 mL of diethyl ether was added, the 
mixture was filtered, and the filtrate was washed with ether. The 
solvent was then removed in vacuo. After repeated purification by LC 
using 5% diethyl ether in hexane and then 100% 2,2,5-trimethylpen- 
tane, 5 mg of the diene 8 was isolated: *H NMR (CDC13) 5 1.08 (3 H, 
s), 1.33 (3 H, s), 2.73 (1 H, mult), 2.93 (1 H, mult), 4.51 (1 H, s), 4.59 
(1 H, dd, J = 6.1 and 12.0 Hz), 5.14 (1 H, d, J = 11.2 Hz), 5.33 (1 H, 
d, J  = 17.5 Hz), 5.65 (1 H, dd, J  = 2 and 7 Hz), 6.24 (1 H, dd, J  = 11.2 
and 17.5 Hz); UV \max (MeOH) 232-233 nm (e 15 400); low-resolution 
mass spectrum (75 eV), m/e 248 (M+, BrCl, 16.7), 213 (Br, 7.7), 169 
(Cl, 96.7), 130 (100.0), 91 (43.3).

Silver Acetate Reaction. Cyclohexenediol 9 and Cyclohexenol 
Acetate 10. Compound 7 (0.011 g, 0.042 mmol) was dissolved in 2 mL 
of tetrahydrofuran, 1 mL of acetic acid, and 1 mL of water. Silver 
acetate (0.010 g, 0.060 mmol) was added with stirring, and the mixture 
was refluxed for 2 h. Brine (15 mL) was added, and the aqueous phase 
was extracted with 3 X 25 mL of diethyl ether. The combined ether 
layers were washed with 4 X 10 mL of saturated NaHC03, 10 mL of 
5% HC1, and 2 X 10 mL of brine, dried (MgS04), and reduced in vacuo. 
The diol (4 mg) was isolated by silica gel column chromatography (1 
X 30 cm) by elution with 100% diethyl ether. Compound 9 :7H NMR 
(CDCI3) 5 1.08 (3 H, s), 1.24 (3 H, s), 2.23-2.32 (4 H, m), 3.65 (1 H, ddd, 
J  = 4,9, and 10 Hz), 3.65 (1 H, brd s; D20  exchangeable), 3.87 (1 H, 
ddd, J = 5,9, and 10 Hz), 4.05 (1 H, dd, J = 3 and 5 Hz), 4.44 (1 H, dd, 
J = 6.6 and 9.7 Hz), 5.45 (1 H, s); low-resolution mass spectrum (75 
eV), m/e 248 (M+, Br, 5.6), 217 (Br, 8.9), 169 (40.7).

The acetate 10(1 mg) was also isolated by column chromatography: 
!H NMR (CDCI3) 5 1.07 (3 H, s), 1.25 (3 H, s), 2.07 (3 H, s), 2.20 (2 H, 
mult), 2.34 (2 H, mult), 3.66 (2 H, t, J = 5 Hz), 4.23 (1 H, dd, J = 5 and 
12 Hz), 5.23 (1 H, dd, J = 3 and 6 Hz), 5.57 (1 H, s). The structure of 
the acetate 10 was confirmed by LiAlH4 reduction to provide material 
identical (NMR and mass spectra) with the diol 9.

Allylic Alcohol 11. A 5% solution of KOH (0.4 mL) in anhydrous 
methanol was added with stirring to an ice-cooled solution of the ac
etate 5 (0.019 g, 0.049 mmol) in 5 mL of MeOH. Stirring was continued 
for 5 h at 0 °C. A 5% HC1 solution (aqueous, 1 mL) was then added, 
the excess methanol was removed under vacuum, and the residue was 
taken up in 50 mL of diethyl ether. The organic solution was washed 
twice with 2 X 10 mL of saturated NaCl solution, dried (MgS04), and 
reduced in vacuo. Preparative silica gel thick-layer chromatography 
(diethyl ether/benzene (1:1), 1.5 mm plates; Rf 0.2-0.4) yielded 10 mg 
of the alcohol 11:*H NMR (CDC13) <5 1.02 (3 H, s), 1.31 (3 H, s), 2.52 
(1 H, ddd, J = 5,12, and 15 Hz), 2.68 (1 H, ddd, J = 2,5, and 15 Hz),
4.35 (2 H, d, J  = 6 Hz), 4.42 (1 H, s), 4.86 (1 H, dd, J = 5 and 15 Hz), 
5.00(1H , d , J  = 2 and5 Hz),5.93(lH ,t ,J  = 6 Hz);IR(CDCI4) Go-h) 
3500 cm-1; low-resolution mass spectrum (50 eV), m/e 265 (BrCl,
12.9), 229 (BrCl, 4.8), 203 (Br, 11.3).

Lanthanide Shift Study of 11. Aliquots of Eu(fod)3 in CDCI3 were 
added to compound 11 in CDC13, and the 220 MHz 3H NMR spectrum 
was recorded. A plot of chemical shift (5) vs. [Eu(fod)3]/ [l l ]  was 
constructed, and a least-squares fit of the slopes normalized to 1 molar 
equiv of shift reagent was obtained for each absorption using the 
following formula: slope (A5) = [rc(2ry) -  (£x )(2y )]/[n (2x2) -  
(Zx)2], where x = [Eu(fod)3] /[ ll]  and y = chemical shift (S).8 As
suming that the principal magnetic axis of Eu(fod)3 was collinear with 
the europium-oxygen bond in solution, the simplified form of the 
general dipolar (pseudocontact) contribution equation, A6 = «(3 cos2 
ff — 1 )/r3, was used for calculations. Distances and angles were mea
sured using a Dreiding model of 11 after fixing the europium-oxygen 
bond distance at 2.7 A and the carbon-oxygen-europium bond angle 
at ca. 120°. The methyl protons were treated as a single proton with 
a bond length of 1.94 A from the quaternary ring carbon. Positioning 
the europium atom such that the resultant constants k for each re
spective proton deviated minimally provided the data in Table I.

Ochtodiol (3) and the Diacetate 12. Ochtodiol (3) was eluted as 
a mixture during silica gel chromatography with 100% diethyl ether. 
It was separated from pigments by elution from a Florisil column on 
chromatography (0.5 X 10 cm) with 100% diethyl ether. 3 (5 mg) was 
finally obtained pure after two successive silica gel column chroma
tographies using increasing percentages of diethyl ether in petroleum 
ether: 220 MHz 3H NMR (CDC13) 6 1.07 (s, 3 H), 1.19 (s, 3 H), 
2.28-2.32 (2 H, m), 2.95 (1 H, brd s; D20  exchangeable), 3.1 (1 H, brd 
s; D20  exchangeable), 3.62 (2 H, m), 4.32 (2 H, m), 4.43 (1 H, dd, J =
4.8 and 11.2 Hz), 5.69 (s).

Acetylation of 3 was effected by treatment with excess pyridine and 
acetic anhydride at room temperature for 2 h and removal of the ex-
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Table I

è A 6 7*measd» Â e Scaled» À % r

4.35
5.93

3.376
2.236 4.4 36 4.20 4.5

5.00 1.429 5.8 23 5.71 1.6
4.42 0.663 6.7 35 6.51 2.8
2.52 0.497 7.8 28 7.74 0.8
4.86 0.415 8.7 18 8.92 2.5
2.68 0.442 8.4 21 8.70 3.4
1.02 0.363 8.0 34 7.96 0.5
1.30 0.227 9.6 31 9.70 1.0

chain homologating3-4 sequences. Indeed, these compounds 
are believed to thermally rearrange rapidly upon their in situ 
generation. However, we have recently uncovered a class of 
bicyclic, tertiary a,c*-dichlorocyclopropanols which possess 
unusual thermal stability. 1-6h The stable a,a-dichlorocyclo- 
propanols were incorporated in the norcar-3-en-l-ol structure 
3 and suggested an investigation of dichlorocyclopropanol 
stability with respect to olefin regioposition in the norcarene 
bicyclic system. We now report the results of these studies. 
In addition, we describe some chemistry of the compounds 
encountered in these studies, including a regiospecific cyclo- 
hexenone to a-chlorotropone conversion.

cess reagent in vacuo to yield 6 mg of the diacetate 12: [a]23D -37.0° 
(c 0.33, CHC13); high-resolution mass measurement of M+ -  HCl 
(obsd. m/e 330.044; calcd, m/e 330.047) and M+ — HOAC (obsd, m/e 
307.014; calcd, m/e 307.010); 4H NMR (CDC13) & 1.07 (3 H, s), 1.18 
(3 H, s), 2.07 (6 H, s), 2.35 (2 H, m), 3.64 (2 H, m), 4.27 (1 H, dd, J  =
5.8 and 11.0 Hz), 5.31 (1 H, dd, J  = 5.8 and 7.2 Hz), 5.39 (1 H, dd, J=
2.7 and 3.6 Hz), 5.91 (1 H, s).
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a,a-Dichlorocyclopropanols 1 rearrange with facility to 
a-chloroenones 2, illustrating a transformation that has been 
synthetically employed in one-carbon ring expanding1“3 or

The three isomeric 7,7-dichloronorcaren-l-ol compounds 
desired for our studies have structures 4a, 5a, and 6a. Facile 
entry into these materials was provided by sodium trichlo- 
roacetate mediated and regiospecific dichlorocyclopropana- 
tion of the corresponding dienol silyl ethers 4c, 5c, and 6c.1’5 
In this fashion, we have prepared the silyl ethers corre
sponding to the desired norcarenol olefin isomers 4b and 5b 
and to an alkylated derivative 7b. In addition, the saturated 
parent trimethylsilyl 7,7-dichloronorcaran-l-yl ether 8b, 
previously synthesized by Conia et al. as the dibromo deriv
ative (Cl = Br),3 was prepared. Methanolic acid-catalyzed 
hydrolysis of the trialkylsilyl ether is thought to release the 
desired dichlorocyclopropanol structures 4a, 5a, 7a, and 8a. 
Under these reaction conditions (vide infra), only dichloro- 
norcarenol 4a possesses stability. The products 9 and 10 (from 
5b) and 11 (from 7b) of the isomeric silyl norcarenyl ether 
compounds 5b and 7b are exclusively ring-expanded o-chlo- 
rocycloheptenones, which arise by way of the intermediate 
a,a-dichlorocyclopropanols 5a and 7a via rearrangement. 
Such a sequence has been implied for the trimethylsilyl 7,7- 
norcaran-l-yl ether 8b (Cl = Br) to 2-bromocycloheptenone 
12 (Cl = Br) conversion.3

Our studies could not detect chemical intermediates in the 
silyl ether hydrolysis-hydroxy cyclopropyl ring expansion 
transformation of compounds 5b, 7b, or 8b (TLC) [room 
temperature, pH adjusted methanolic aqueous hydrochloric 
acid]. In these instances, formation of a-chloroenone products 
appeared coincident with norcarenyl silyl ether hydrolysis. 
In contrast, the isolated a,a-dichlorocyclopropanol 4a was 
stable (85% recovery, no detectable UV absorption by TLC) 
to refluxing acidic aqueous 2-propanol for 20 h and could be 
purified via Kugelrohr distillation at 145 °C (0.1 mm). Two 
studies on alternate catalytic methodology to facilitate the 
rearrangement of 4a deserve mention. Mildly basic treatment 
of cyclopropanol 4a [methanolic NaHCC>3 or BafOHb] or base 
assisted hydrolysis of silyl ethers 5b, 7b, or 8b generated 
carboxylic acid compounds directly (no detectable interme
diates), presumably via the corresponding o-chlorodienone, 
which is rapidly consumed in a Favorski ring contraction se
quence. Attempted catalysis of chloride ionization with mo
novalent silver ion had little effect on 4a with moderate sub
strate to Ag+ ratios (3.0 equiv of AgC104 in refluxing metha
nol, 12 h) and converted 4a directly to tropone with high ratios 
(1:15), albeit in low yield (~20%).6

The stability afforded the a,a-dichlorocyclopropanol 
function in 4a by the appositely positioned carbon-carbon 
unsaturation is dramatic. However, stabilization of the cy
clopropane moiety embraced in the A3-norcarene system is 
not unique. In fact, such stabilization appears to be generally

0022-3263/78/1943-4241 SOI .00/0 © 1978 American Chemical Society
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Scheme I

4c 4b 4a

12

observed in cyclopropane rearrangement processes of bicy- 
clo[4.1.0]hept-3-ene systems relative to their isomeric A2- 
unsaturated or saturated counterparts. For example, “unusual 
thermal stability”73 of the parent A3-unsaturated hydrocarbon 
and of 3-carene7b has been noted and the facility of ring ex
pansion for the A2-9a and saturated9b'c 7,7-dihalonorcarane 
systems relative to the A3 skeleton has been described. Fur
thermore, the corresponding A2- and A3-carane oxides exhibit 
a pronounced difference in ease of cyclopropane (and epoxide) 
rearrangement.8 Taken together,9 studies on the rearrange
ment of 7,7-dihalonorcarane (-2- or -3-ene) systems would 
suggest the “ cyclopropane rearrangement ease” relationship 
to be 15 > 1 3 »  14.

13 14 15

The underlying rationale for this “ site specific olefin” sta
bilizing effect inherent in the bicyclo[4.1.0]heptane system 
is not clear. Allylic stabilization of the transition state incip
ient carbocation generated during thermal ring expansion of 
15 has been suggested to facilitate its rearrangement (relative 
to 13 and 14).9a Postulated allylic cationic stabilization may

well play a role in isomeric norcarene rearrangements, al
though such effects are probably minimal in the molecules 
examined here due to distortion of the incipient charge dis
tribution resulting from strong nucleophilic oxygen partici
pation in the activated complex for ring expansion (cf. no 
discernible difference under our conditions in the rate of re
arrangement of 5a, 7a, and 8a). It is relevant to note the 
findings of Ledlie et al.9c on the rate parameters for cyclo
propane rearrangement of the bicyclic dibromides 13 and 14 
(X = Br). The Ledlie group found entropic factors to be the 
primary source of ki3-k u  rate difference in silver ion assisted 
solvolysis. Apparently, subtle geometric factors occur in the 
isomeric norcarene-norcarane structures which have sub
stantial impact on activation entropies for cyclopropane re
arrangement. However, despite lack of understanding of the 
source of such 3-norcarene “ stabilization factor(s)” , the 3- 
norcarene system represents a structural device which may 
have general mechanistic utility in attenuating rearrangement 
processes of reactive cyclopropanes.

Apart from their mechanistic interest, the 2-chlorocyclo- 
heptadienone systems prepared in the course of these studies 
have considerable synthetic value. The present work describes 
new, regiospecific syntheses of 2,6-cycloheptadienones10 and
2,4-cycloheptadienones11 for which few preparations are 
currently available. The synthetic utility of the regiospecifi- 
cally generated 2-chloro-2,6-cycloheptadienone system can 
be illustrated by its facile dehydrogenation into the 2-chlo- 
rotropone system. Thus, chlorodienone 9 can be converted 
into chlorotropone 16 with dichlorodicyanoquinone.10c This 
regiospecific conversion of cyclohexenones into a-chlorotro- 
pones complements our reported phenol to a-chlorotropone 
transform.1 In contrast to the facile dehydrogenation of 
chlorodienone 9 with DDQ, 2-chloro-2,4-cycloheptadienone 
11 yields a one to one adduct, presumably a cycloaddition 
product. We are currently elucidating the structure of this 
adduct.

9 16

In addition, 2-chlorocycloheptadienone 9 serves as a useful 
probe into chloro-substituent perturbation on cyclic a-enone 
reactivity. Thus, 9 under acidic methanolysis adds methanol 
exclusively to the more electron rich olefin forming 2- 
chloro-6-methoxyeycloheptadienone 11. In contrast, 
nucleophilic lithium dimethylcuprate addition occurs exclu
sively across the chlorodienone system in 9 to give chlorodi
enone 17 (configuration based on NMR analysis).

10

Experimental Section
General. Melting points were taken with a Thomas-Hoover ap

paratus using open capillaries and are uncorrected. Proton magnetic 
resonance spectra were recorded at 100 MHz with a Joel JNM- 
MH-100 spectrometer employing tetramethylsilane as an internal 
standard. Low resolution mass spectra were obtained by direct in
sertion with an LKB 9000 spectrometer at 70 eV. The parent ion and 
the most intense peaks (2-4) are reported. Infrared spectra were ob
tained on a Perkin-Elmer 727 infrared spectrometer. Elemental 
analyses on all used compounds were performed by Galbraith Labo
ratories, Inc., Knoxville, Tenn; results were within acceptable limits.
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Table I. Physical Data for Products from Silyloxy Diene Dichlorocyclopropanation-Aqueous Hydrolysis

registry bp (mm) or mp, 
compd_____________ no. °C

67382-58-5 thermally labile 
mp 8-11

67382-59-6 thermally labile

67382-60-9 160 (0.1 mm)

67382-61-0 145 (0.1 mm)

Me ci 67382-62-1

17

IR (neat), 
cm-1 NMR (CDC13, Me4Si), b

MS m/e 
rel

abundance

1655 (stg) 
1635 (med) 
790 (stg)

2.5 (t, J  = 4.0 Hz, 4 H)
6.20 (d, J  = 12.5 Hz, 1 H)
6.72 (m o f d, J  = 12.5 Hz, 1 H) 
7.12 (m, 1 H)

142 (51) 
125 (35) 
107 (79) 
79 (100)

1695 (stg) 
1625 (med) 
725 (st)

2.00 (qt, J  = 7.5 Hz, 2 H)
2.60 (m, 2 H)
2.95 (d, J  = 10.5 Hz, 2 H)
3.60 (s, 3 H)
3.87 (aquint, J  = 10.5 Hz, 1 H) 
7.20 (t, J =  11.0 Hz)

174 (12) 
142 (24) 
79(100)

1660 (stg) 
1620 (m) 
1595 (w)

2.12 (s, 6 H) 
2.52 (s, 4 H) 
6.08 (s, 1 H)

170 (72) 
155 (68) 
107 (100) 
90 (75)

3375 (stg) 
820 (stg)

1.82 (d,d, J  = 8.0 Hz, 1 H) 
2.20-2.80 (m centered at 2.60, 4 H) 
5.60 (s, 2 H)
2.2 (s, 1 H(OH))

178 (8) 
143(100) 
115(45)

1.08 (d, J = 6.0 Hz, 3 H) 
1.89 (m, 2 H)
2.2 (brm, 3 H)

158 (37) 
123 (72) 
95 (100)

7.58 (d, J  = 3.5 Hz, 1 H)
6.05 (d, -J = 12.5 Hz, 1 H)
6.60 (d,d,d, J  = 12.5, 4.0, 6.5 ttz, 1 H)

a Satisfactory elemental analysis was obtained (C, H = ±0.3%).

For all column chromatography, E. Merck (type 60) silica gel and short 
column techniques were utilized and for TLC analysis, E. Merck Silica 
Gel 60, F-254 precoated (0.25 mm) plates were employed. Magnesium 
sulfate was used as drying agent throughout and all experimental 
procedures were performed under an atmosphere of dry nitrogen.

Trialkylsilyl Cyclohexadienyl Ethers 4c, 5c, and 7c. (a) Tri- 
ethylsilyloxy-l,4-cyclohexadiene (4c). This dihydroaromatic ether 
was prepared as described in ref 1. Treatment of triethylsilyl phenyl 
ether (2.420 g, 12.0 mmol) in anhydrous THF (55 mL), tert-butyl al
cohol (10 mL), and ammonia (120 mL) at —33 °C with lithium wire 
(75.0 mmol) for 45 min, followed by ammonium chloride (4.0 g) 
quench and rapid pentane (300 mL) saturated aqueous ammonium 
chloride (200 mL) partitioning, gave crude (>90% pure by NMR) 4c 
(2.112 g, 87%). The sole impurity was unreduced (and noninterfering) 
starting material and the product was consequently utilized without 
further purification: NMR 5 1.10-0.40 (m, 15 H), 2.68 (s, 4 H), 4.88 
(s, 1 H), 5.65 (s, 2 H); IR 1605 and 1240 cm“ 1.

(b) Cyclohexadienyl Trimethylsilyl Ethers 5c and 7c. These 
compounds were prepared according to Rubottom and Gruber.5 Ether 
5c is described therein, although data for 7c are not presented. Sily
loxy diene 7c: bp 65-72 °C (0.1 mm); NMR b 0.30 (s, 9 H), 1.58 (s, 6 
H), 2.08 (s, 4 H), 4.90 (s, 1 H); IR 1655 and 1250 cm -1.

General Procedures for Sequential Dichlorocyclopropana- 
tion-Hydrolysis of 4c, 5c, 7c, and 8c. (a) Dichlorocyclopropa- 
nation. The requisite trialkylsilyl cyclohexadienyl ether (4.00 mmol) 
was dissolved in freshly distilled tetrachloroethylene (5 mL) and 
anhydrous dimethoxvethane (5 mL). Anhydrous sodium trichloro- 
acetate (1.20 g, 6.00 mmol) was introduced and the suspension re
fluxed for 1.5 h. The solution was then cooled, poured into pentane 
(150 mL), and washed rapidly twice with water and then brine and 
the organic layer dried. Solvent removal in vacuo afforded the crude 
siloxy norcarene compounds: 4b, 5b, 7b, and 8b. These materials were 
somewhat unstable to distillation;3 however, for comparative rate 
study, partial purification (>80%) could be effected via rapid (<5 min) 
silica gel chromatography (20 g) using pentane as eluent giving 4b 
(~65%), 5b (—80%), 7b (~70%), and 8b (~65%) in the noted approx
imate yields. These compounds did not give satisfactory elemental 
analysis.

(b) Methanolic Aqueous Hydrochloric Acid Hydrolysis. The
crude product silyloxy norcanene 4b, 5b, 7b, and 8b was dissolved in 
a solution of methanol (80 mL) and 10% (by volume) aqueous hy

drochloric acid (25 mL) then stirred at room temperature for 2.0 h. 
The mixture >vas partitioned between ether (300 mL) and water (200 
mL) and the ethereal layer was washed once with water and then brine 
and dried. Chromatography (ethyl acetate/petroleum ether) afforded 
the described compounds in the noted yields. The principle recovered 
by-product in all cases was the unreacted (or hydrolyzed) cyclohex- 
enone derivative. See Table I for the physical constants of reported 
compounds.

From triethylsilyl cyclohexadienyl ether (4b) was obtained 7,7- 
dichloro-3-norcaren-l-ol (4a) (59% based on starting trimethylsilyl 
phenyl ether; 73% mass material balance based on starting phenylsilyl 
ether).

From trimethylsilyl cyclohexadienyl ether (5b) was obtained 2- 
chloro-2,5-cycloheptadienone (9) (73%) and 2-chloro-5-methoxy- 
2-cycloheptenone (10) (8%). A mass balance (total material derived 
from 5b) of 89% was obtained.

From trimethylsilyl dimethylcyclohexadienyl ether (7b) was ob
tained 2-chloro-4,5-dimethyl-2,4-cycloheptadienone (11) (72%). A 
mass balance of 88% was obtained.

From trimethylsilyl cyclohexenyl ether (8b) was obtained 2- 
chloro-2-cycloheptenone 12 (62%) (reported for the a-bromo com
pound 90%;3 mass balance 77%).

2-Chlorotropone (16). 2-Chlorocycloheptadienone 9 (0.210 g, 1.5 
mmol), dichlorodicyanoquinone (0.450 g, 2.0 mmol), and p-toluene- 
sulfonic acid (~15 mg) was refluxed in benzene (10 mL) for 6.5 h. The 
reaction mixture was cooled and the bulk of the solvent removed in 
vacuo. The residue was then chromatographed [ethyl acetate 
(30%)/pentane] affording 2-chlorotropone (16) (0.165 g, 78%) identical 
in spectral and physical characteristics with an authentic sample 
(prepared from a-tropolone and thionyl chloride12).

Methyl Chloroenone (17). Lithium dimethylcuprate (1.5 mmol) 
was generated by methyllithium (1.5 mL of a 2.0 M ethereal solution,
3.0 mmol) addition to a cold (-1 0  °C) suspension of cuprous iodide 
(0.288 g, 1.5 mmol) in anhydrous ether (10 mL). The solution was 
stirred for 10 min then cooled to -4 0  °C and 2-chlorocycloheptadi- 
enone 9 (0.178 g, 1.25 mmol) in ether (3 mL) was added dropwise. 
After 30 min, the reaction was poured into saturated aqueous am
monium chloride overlayered with pentane. The layers were separated 
and the organic phase dried. The solvent was removed in vacuo and 
the residue chromatographed [ethyl acetate (10%)/pentane] affording 
chloroenone 17 (0.181 g, 91%).
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ketone (7), whose enolization and reketonization gives ketone 
2a, whereas C(2)-C(3) bond migration to C(4) of 6 yields the 
conjugate acid (8) of aldehyde 3a.

The carbon shifts of ketone 2a are outlined on formula 9. 
The similarity of the C(2) shift of 38.2 ppm with that of 5a- 
androstan-3-one (38.1 ppm)6 shows the ethyl group to be 
equatorial and hence 4a oriented. The assignment of the 
chemical shifts of the alcohols 2b and 2c is portrayed on for
mulas 10 and 11, respectively.

The migration of C(18) from C(4) to C(19) in the solvolysis 
of virescenol B 19-tosylate (lb) may be of biogenetic signifi
cance. Whereas many one-carbon rearrangements abound in 
the pimaranic diterpene field, none of the aforementioned 
type has been observed heretofore. Nevertheless, an ethano 
unit attachment to C(4) of diterpene rings A, such as in ketone 
2a, appears in the form of a furan ring in some constituents 
of the coffee bean.10

Experimental Section
Melting points were determined on a Reichert micro-hotstage and 

are uncorrected. Infrared spectra were obtained on a Perkin-Elmer 
167 spectrophotometer. ’ H NMR spectra (Me4Si, 5 = 0) were recorded 
on a Jeol H-60 spectrometer and the 13C NMR spectra were produced 
on a Varian XL-I00-15 spectrometer operating at 25.2 MHz in the 
Fourier transform mode.

Solvolysis o f Virescenol B Tosylate (lb ). A solution of 600 mg 
of tosylate lb in 7 mL of dimethyl sulfoxide was heated at 95 °C under 
nitrogen with stirring for 7 h. After the addition of 50 mL of saturated 
brine solution the mixture was extracted thoroughly with chloroform. 
The extract was washed with water, dried (Na2S04), and evaporated 
under vacuum. Chromatography of the residual oil, 330 mg, on silica 
gel and elution with benzene yielded 60 mg (16%) of liquid aldehyde 
3a: IR (CC14) 2670 (CHO), 1722 (C = 0 ) cm "1; NMR (CeDe) 5 0.68,0.86 
(s, 3 each, Me2), 0.73 (t, 3, J  = 6 Hz, Me of Et), 8.96 (s, 1, CHO).

Anal. Calcd for C20H30O: C, 83.86; H, 10.56. Found: C, 83.70; H,
10.72.

Elution with 20:1 benzene-ethyl acetate gave 185 mg (50%) of solid 
whose crystallization from pentane led to crystalline ketone 2a: mp
92-94 °C; IR (CC14) 1708 cm“ 1 (C = 0 ); NMR (C6D6) 5 0.76, 0.90 (s, 
3 each, Me2), 0.96 (t. 3, J = 6 Hz, Me of Et).

Anal. Calcd for C20H30O: C, 83.86; H, 10.56. Found: C, 83.92; H,
10.54.

Alcohols 2b and 2c. A solution of 60 mg of sodium borohydride in 
5 mL of ethanol was added dropwise to a stirring solution of 600 mg 
of ketone 2a in 15 mL of ethanol at 0 °C. The mixture then was stirred 
at room temperature for 1 h and poured into ice water. It was ex
tracted with chloroform and the extract dried (Na2S04) and evapo
rated. Chromatography of the oily residue, 550 mg, on silica gel and
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elution with 20:1 benzene-ethyl acetate afforded 180 mg (30%) of 
semisolid alcohol 2c: IR (CC14) 3625 cm- 1(0H ); NMR (CC14) 5 3.86 
(m, 1 OCH).

Anal. Calcd for C20H32O: C, 83.27; H, 11.18. Found: C, 83.42; H,
11.02.

Further elution with the same solvent pair gave 310 mg (51%) of 
solid whose crystallization from pentane-benzene yielded crystalline 
alcohol 2b: mp 120-125 °C; IR (CC14) 3620 cm-ROH); NMR (CC14) 
5 3.20 (m, 1, OCH).

Anal. Calcd. for C2oH320: C, 83.27; H, 11.18. Found: C, 83.38; H, 
1 1 .0 0 .

Alcohol 3b. A solution of 15 mg of sodium borohydride in 5 mL of 
ethanol was added dropwise to a stirring solution of 50 mg of aldehyde 
3a in 3 mL of ethanol at 0 °C. The mixture then was stirred at room 
temperature for 1 h. Workup as above, chromatography of the curde 
product, 40 mg, on silica gel, and elution with 30:1 benzene-ethyl 
acetate led to 35 mg (80%) of semisolid alcohol 3b: NMR 5 3.25, 3.45 
(AB dd, 2, J = 11 Hz, OCH2).

Anal. Calcd for C20H32O: C, 83.27; H, 11.18. Found: C, 83.05; H,
11.31.
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The cis hydroxylation of olefins to a-diols by metal chlo
rates in aqueous solution containing catalytic amounts of 
osmium tetroxide has found wide use.1 This method is espe
cially useful when the oxidation of other organic functions 
present in the substrate has to be avoided; most of these 
functions are, in fact, unaffected by the said oxidizing system. 
The reaction of acetylenic compounds with this oxidizing
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mixture has, however, never been reported previously in the 
literature. Being interested in the preparation of some a- 
dicarbonyl compounds, we speculated that the said oxidation 
may afford the desired derivatives in one step from the cor
responding acetylenic precursors. A plausible mechanism for 
this reaction is, in fact, as follows.2

cio3

2

a : R = M e  ; R ’ =  O M e

b : R = E t  ; R ' — O M e

c : R = ¡ - Pr  ; R ’ =  O M e

d : R = R ’ = C H 3 C H

OH

alytic amount of osmium tetroxide in aqueous tetrahydrofu- 
ran (~100% yield of crude 5).9 It occurred to us, however, that 
this system might oxidize 4 directly to the dihydroxyhexan- 
edione level. In fact, we have now found that this synthesis too 
can be realized and that the product of the reaction, carried 
out in water, is the erythro isomer 5 (61% yield).

4

K CI03,0s04(cat.)

HaO

5
( e r y t h r o  i s o m e r )

To our knowledge this reaction represents the first example 
of oxidation with a metal chlorate-osmium tetroxide mixture 
of a 2,5-dialkylfuran to a 2,3-dihydroxy-l,4-dione.

The present paper reports the successful application of this 
reaction (potassium chlorate was used for the in situ osmium 
tetroxide regeneration) for the preparation of a-keto acid 
methyl esters 2a-c and 2,5-dihydroxyhexane-3,4-dione (2d; 
existing only as the polymeric form3) from 1-methoxy-l-al- 
kynes la-c and 3-hexyne-2,5-diol (Id), respectively. Our in
terest for these synthesis relyed in the fact that a-keto esters 
can be converted4 to optically active a-amino acids by asym
metric synthesis and that 2c affords,3 by acid-catalyzed cy- 
clization, 2,5-dimethyl-4-hydroxy-2,3-dihydrofuran-3-one 
(furaneol), a flavor principle of pineapple and strawberry 
whose preparation has become of substantial practical in
terest.5

In the reaction of the acetylenic derivatives 1 with the 
aqueous potassium chlorate-osmium tetroxide mixture, the 
development of slight acidity (final pH, ~3.5-5.0) from side 
reactions occurred and caused with substrates of type la-c, 
but not with Id, competitive acid-catalyzed hydratation of the 
triple bond.6 As a result, when in preliminary experiments 
these reactions were carried out in water at “ free” pH, the 
a-keto ester yields fell quite low, while the yield for 2d was 
high (—85%). On the other hand, when the reaction on type 
la-c substrates was carried out at higher pH values (with la 
and lc a series of experiments at constant pH 5.4, 5.9,6.4, or
6.8 was performed7), the rate of oxidation to a-keto ester de
creased so much as to allow the addition of hypochlorous acid 
to the triple bond8 to become the predominant reaction. Fi
nally, when the reaction was performed in a water-ether 
mixture at “ free” pH, satisfactory yields of a-keto esters 2a-c 
from la-c could be achieved (48,69, and 80%, respectively). 
In such a system, in fact, due to the low solubility of the 
acetylenic ethers la-c in the aqueous phase, the addition of 
water, as well as that of hypochlorous acid, to the triple bond 
is depressed considerably, while the reaction between sub
strate and osmium tetroxide can take place in the ether phase, 
where both of the latter are freely soluble.

Another known direct precursor of furaneol (base-catalyzed 
cyclization) is erythro-3,4-dihydroxyhexane-2,5-dione9 (5), 
which has been prepared previously by bromination of 2,5- 
dimethylfuran (4) in methanol solution to 2,5-dimethyl-
2,5-dimethoxy-2,5-dihydrofuran (3) (60% yield),10 followed 
by oxidation of the latter with potassium chlorate and a cat-

M e O ^ ^ O ^ N D M e

3

Experimental Section
Materials. Osmium tetroxide was from Merck, and 3-hexyne-

2,5-diol and 2,5-dimethylfuran were purchased from Fluka. The 1- 
methoxy-l-alkynes (RC=COMe) were prepared according to Nooi 
and Arens11 from the corresponding aldehydes (RCH2CHO). The 
latter and all other materials were obtained from Carlo Erba.

Spectra. The IR spectra were taken with a Perkin-Elmer 457 
spectrometer and the 60 MHz 4H NMR spectra with a Varian T-60 
instrument using tetramethylsilane as an internal standard.

General Procedure for the Preparation o f a-Keto Esters 2a-c. 
A mixture of 0.15 mol of 1-methoxy-l-alkyne (la-c), 36.76 g (0.30 mol) 
of KCIO3, 1.52 g (6 mmol) of OsCh (caution: vapor is poisonous!), 200 
mL of water, and 300 mL of ether was stirred at room temperature 
until the black coloring of the mixture disappeared. The organic phase 
was separated and the aqueous phase extracted with ether in a con
tinuous extractor (~4 h). The combined ether solutions were dried 
(Na2S04>, the solvent was evaporated, together with the OSO4, at 0 
°C on a rotary evaporator, and the a-keto ester (2a-c) was distilled 
from the residue under vacuum through a Vigreux fractionating col
umn.

2-Oxopropanoic Acid Methyl Ester (2a): reaction time, 4 h; bp 
50-53 °C (15 mm) [lit.12 bp 53 °C (15 mm)]; yield 48%; IR and 'H 
NMR spectra were identical with those reported for 2a.13-14

2- Oxobutanoic Acid Methyl Ester (2b): reaction time, ~16 h 
(overnight); bp 72-74 °C (27 mm) [lit.15 bp 72-74 °C (27 mm)]; yield 
69%; IR (film) 1730 cm“ 1; 'H  NMR (C6D6) S 0.90 (3 H, t, J  = 6 Hz, 
CH3C), 2.57 (2 H, q, J  = 6 Hz, CH2), 3.53 (3 H, s, COOCH3).

3- Methyl-2-oxobutanoic Acid Methyl Ester (2c): reaction time, 
~16 h (overnight); bp 64-68 °C (23 mm); yield 80%; IR (film) 1730 
cm -1; !H NMR (C6D6) 6 1.08 (6 H, d, J = 6 Hz, (CH3 )2 C), 3.15 (1 H, 
m, J  = 6 Hz, CH), 3.42 (3 H, s, COOCH3 ).

2,5-Dihydroxyhexane-3,4-dione (2d). A mixture of 1.14 g (10.0 
mmol) of Id, 2.80 g (22.8 mmol) of KC103, and 0.050 g (0.197 mmol) 
of Os04 (caution: vapor is poisonous!) in 15 mL of water was stirred 
at room temperature for 18 h. The water was removed, together with 
the OSO4, under vacuum (1 mm) at room temperature, and the residue 
was extracted at room temperature and under stirring with four 
successive 30-mL portions of acetone. The combined filtered extracts 
were dried (Na2S 04) and rotary evaporated at room temperature 
(until constant weight) to a yellow viscous residue of 1.23 g (84.5%) 
of 2d (polymeric form3); IR and 'H  NMR spectra and TLC and VPC 
behavior were in accord with those reported in the literature for 2d.3 
Cyclization of the above unpurified 2d by a literature procedure3 gave 
furaneol (50% overall yield from Id).

eryihro-3,4-Dihydroxyhexane-2,5-dione (5). The oxidation of 
0.96 g (10.0 mmol) of 4 and workup were carried out as for substrate 
Id, the only differences being that ethyl acetate (4 X 30 mL) was used 
instead of acetone to extract the first residue and that the final residue 
was crystalline. The latter was recrystallized from chloroform-pe
troleum ether to give 0.89 g (61%) of pure 5: mp 60-62 °C (lit.9 mp
59-61 °C); IR, JH NMR, and mass spectra were identical with those 
reported in the literature for 5.9

Registry No.— la, 13169-01-2; lb, 13279-94-2; lc, 55755-14-1; Id, 
3031-66-1; 2a, 600-22-6; 2b, 3952-66-7; 2c, 3952-67-8; 4 ,625-86-5; 5,
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36871-95-1; potassium chlorate, 3811-04-9; osmium tetroxide, 
20816-12-0.
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An attractive strategy for the construction of valuable 
prostanoids exploits readily available synthons derived from 
natural products.1 Aleuritic acid (1) is a major component of 
shellac.2-3 Crude lac resin contains up to 30% of 1, which is

HON ^ C H 2)6COOH

h o ^ a c h ^ o h

0
lis__ ,̂(CHäisCOOMe

2
+

o^ N c h 2)6o h

0 ,
i i C H , ) 6COOMe(T

isolated by a simple extraction with base.4 Oxidative cleavage 
of 1 with metaperiodate affords methyl azealdehydate (2) and
7-hydroxyheptanal (3).5 A synthesis of the synthon 4, a pop
ular intermediate for prostaglandin syntheses,6 has been 
achieved from cyclopentanone and the hydroxyaldehyde 3.5 
Since azealdehydic acid is a byproduct of this synthesis, we 
examined the possibility that 2 might also be a synthon for 
prostaglandins. The present report demonstrates the feasi
bility of a complementary synthesis of 4 from 2 (see Scheme
I).

Completion of the carbon skeleton of 4 is achieved by che- 
moselective reaction at -45  °C of the Grignard reagent 5 with 
the aldehydic carbonyl group in 2. Chromic acid oxidation7 
of the hydroxyl in 6 to a carbonyl group and oxidative cleav
age8 of the olefin 7 affords 7 -keto aldehyde 8. Cyclodehydra

Scheme I

4

tion of 8 gives methyl 7-(5-oxocyclopentenyl)heptanoate (4) 
in 35% overall yield from 2.9’10

Experimental Section
Methyl Azealdehydate (2). A solution of potassium periodate (6.0 

g) in 1 N H2S04 (300 mL) at 20 °C was added rapidly to a vigorously 
stirred solution of trihydroxypalmitic acid (8.0 g) in a methanol-water 
solution (200 mL:200 mL) at 40 °C. After 10 min, the mixture was 
cooled to 15 °C in a methanol-ice bath and the solution was extracted 
immediately with ether (2 X 400 mL). The combined organic layers 
were extracted with saturated NaHC03 (2 X 100 mL), and the com
bined aqueous layers were acidified with concentrated HC1. The acidic 
aqueous solution was then extracted with ether (2 X 100 mL), and the 
combined ether layers were washed with brine (2 X 100 mL) and dried 
(MgS04). Removal of the solvent yielded 3.9 g (93%) of 95% pure 
product. The acid was then esterified with diazomethane (94%): bp 
86-92 °C (0.2 mm);11 NMR (CC14) 5 1.02-1.90 (10 H, m, 5CH2),
I. 94-2.52 (4 H, m, 2CH2), 3.60 (3 H, s, C 02CH3), 8.70 (1 H, t, J = 2.4 
Hz, CHO).

3-Butenyl-l-magnesium Bromide. Magnesium turnings (1.52 
g), THF (5 mL; freshly distilled from henzophenone potassium ketyl), 
and l-bromo-3-butene (1 mL of 5.1 mL total, 6.75 g, 0.05 mol) were 
placed in a flame-dried three-neck flask fitted with a reflux condenser, 
addition funnel, mechanical stirrer, and nitrogen inlet tube. When 
the reaction between the magnesium and bromide began, the re
mainder of the bromide in THF (45 mL) was added dropwise with 
stirring under nitrogen over a period of 1 h. After stirring at room 
temperature overnight, titration indicated an 83% yield.

Methyl 9-Hydroxy-12-tridecenoate (6). Methyl azealdehydate 
(70 g, 0.374 mol) and THF (500 mL; freshly distilled from benzo- 
phenone potassium ketyl) were added to a flame-dried three-neck 
flask fitted with a nitrogen inlet, addition funnel, low-temperature 
thermometer, and mechanical stirrer. The mixture was stirred under 
nitrogen and cooled to -4 5  °C, and the Grignard reagent from 3- 
butenyl bromide (200 mL of a 0.88 M solution) was added dropwise 
over a period of 1 h. The temperature of —45 °C was maintained 
throughout the addition. The mixture was stirred for 3 h at —40 °C, 
quenched by the dropwise addition of saturated NH4C1 (100 mL), and 
allowed to warm to room temperature. Additional saturated NH4C1 
(200 mL) was added, and the mixture was extracted with ether (3 X 
100 mL). The combined organic fractions were washed with saturated 
NaHC03 and brine and dried (MgS04). Distillation gave 42.0 g of 
recovered starting material 2 and 19.8 g (54%) of 6: bp 115-120 °C (0.2 
mm); 'H  NMR (CC14) 5 1.08-1.89 (12 H, broad m, 6CH2), 1.90-2.50 
(6 H, m, 3CH2), 2.70 (1 H, broad s, OH), 3.61 (3 H, s, C 02CH3), 
3.60-3.70 (1 H, m, CH), 4.73-5.21 (2 H, m, vinyl CH2), 5.47-6.08 (1 
H, m, vinyl CH).

Anal. Calcd for C14H260 3: C, 69.37; H, 10.81. Found: C, 69.32; H,
II. 09.

Methyl 9-Oxo-12-tridecenoate (7). An aqueous chromic acid 
solution prepared from sodium dichromate dihydrate (5.0 g, 16.8 
mmol) and 96% sulfuric acid (3.75 mL, 67 mmol diluted to 25 mL) was 
added dropwise to a stirred solution of 1 (9.5 g, 40.1 mmol) and ether 
(25 mL) in a 100-mL three-neck flask fitted with an addition funnel, 
reflux condenser, and magnetic stirring bar. Addition was performed 
over a 15-min period and the temperature maintained at 25 °C

0022-3263/78/1943-4247$01.00/0 © 1978 American Chemical Society
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(cooling with an ice bath was required). After 2 h, the upper layer was 
separated and the aqueous phase was extracted with ether (2 X 50 
mL). The combined organic extracts were washed with saturated 
sodium bicarbonate and brine and dried (MgSC>4). Removal of the 
solvent under reduced pressure yielded 9.0 g (96%) of 7: NMR (CCI4) 
5 1.05-1.85 (12 H, broad m, 6CH2), 2.06-2.50 (6 H, m, 3CH2), 3.60 (3 
H, s, CO2CH3), 4.72-5.18 (2 H, m, vinyl CH2), 5.45-6.12 (1H, m, vinyl 
CH).

Anal. Calcd for C14H24O3: C, 69.96; H, 10.06. Found: C, 70.24; H, 
10.23.

Methyl 9-Oxo-12-dodecanaloate (8). A three-neck round-bottom 
flask fitted with a mechanical stirrer was charged with fert-butyl al
cohol (60 mL), water (20 mL), 5 (4.32 g, 17.8 mmol), and osmium te- 
troxide (45.2 mg, 0.17 mmol in iert-butyl alcohol). The resulting so
lution was stirred for 5 min. A temperature of 24-26 °C was main
tained with ice bath cooling during the addition of sodium meta
periodate (8.24 g, finely divided) in small portions over a period of 30 
min. The tan-colored slurry was stirred at ambient temperature for 
an additional 4 h. At the end of this period the precipitate was white. 
The reaction mixture was extracted thoroughly with ether (3 X 100 
mL), and the combined organic layers were washed with saturated 
sodium sulfite, saturated NaHCCb, and brine and dried (Na2S04). 
Removal of the solvent under reduced pressure yielded 3.9 g (91%) 
of product: NMR (CC14) Ò 1.04-1.83 (10 H, broad m, 5CH2), 2.10-2.55 
(4 H, m, 2CH2), 2.61 (4 H, s, COCH2CH2CO), 3.61 (3 H, s, C 02CH3),
9.60 (1 H, s, CHO).10
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The C-alkylation of a terminal carbon in conjugated ena- 
mino ketones may be achieved through reaction w ith  al
kyl halides in the presence of n -butyllith ium ,1 hydroxy
méthylation of acylated enamines w ith formaldehyde and an 
alkyllith ium ,2 or through use of enamino ketones as nucleo
philic acylating agents.3’4

We have now found that the reaction of structurally related 
d-acylenamines w ith alkyllith ium  reagents follows an alter
native course to yield «.d-unsaturated carbonyl compounds. 
The problems associated w ith the synthesis of such com
pounds have been documented5’6 and some particularly e ffi
cient methods have been developed for their preparation.7 The 
work reported herein affords a practical, efficient route to 
a/i-unsaturated ketones in 60-85% yield based on starting 
ketone.

Condensation of ketones 1-7 with N,N-dimethylformamide 
dimethyl acetal at 110 °C for 12 h under nitrogen gave ena
mino ketones 8-14, respectively.8 When the enamino ketones 
were treated w ith 1.1 equiv of n-butyllith ium  in anhydrous 
tetrahydrofuran at -3 0  to 0 °C and then allowed to warm to 
room temperature, the corresponding a,/3-unsaturated ketones 
15-24 were obtained (Table I).

In order to demonstrate the versatility of this synthetic 
method, we have applied the sequence to prepare several 
natural products of which dihydrojasmone (26) and peril- 
laketone (30), originally isolated from Perilla frutescens 
Brit.,13 are representative examples.

The conversion of N.iV-dimethylatropaldehyde (31)12 to 
the unsaturated aldehyde (32) in 70% yield without any con
comitant carbinol formation would serve to indicate that the 
course of these reactions is not sterically determined. Fur
thermore, the absence of any additional attack on the a,0- 
unsaturated carbonyl compounds by alkyllithium is believed 
due to the intervention of intermediates such as 33 which have 
no propensity for additional attack by nucleophiles.

The generality of the process is demonstrated by successful 
extension to methyllithium  and fert-buty llith ium  reagents

Scheme I. A Total Synthesis of Dihydrojasmone
O 0

0

dihydrojasmone (26)

© 1978 American Chemical Society
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Table I. Two-Step Conversion of Ketones to «,/J-Unsaturated Ketones

ketones
registry

no.

cyclopentanone (1)

cyclohexanone (2)

120-92-3

108-94-1

m-trifluoromethylphenyl- 349-76-8 
acetone (3)

p-chloroacetophenone (4) 99-91-2

enammes 
(yield, %)°

registry
no.

67382-33-6

28467-36-9

67382-34-7

gH 67382-35-8
\

(Y./l-unsaturated ketones registry
(yield, %) no.

15 (75%)

16 (73;

CF,

67382-39-2

67382-40-5

17, R =  «-C4H<, (65%) 67382-41-6
l& R  =  f-C4H 3 (55%) 67382-42-7
19, R = C H ;l (75%) 67382-43-8

O

Cl — C — CH 67382-44-9

11 (85%) 20 (68%)

3,4,5-trimethoxyacetophe- 1136-86-3 
none (5)

3-acetyl-2,5-dimethylthio- 2530-10-1 
phene (6)

2,6-dimethoxyacetophe- 2040-04-2 
none (7)

N —

13 (81%) 
(X H

67382-37-0

67382-38-1

CH ;0 

CH.;0 

C U P

L h

CH
\

21 R = ii-C4H.,(60%) 67382-45-0
22,R = ch. (64%) 67382-46-1

0

67382-47-2

67382-48-3

° These refer to isolated yields of chromatographically homogeneous materials. All intermediates and products were characterized by IR, 
NMR, and mass spectroscopy and afforded satisfactory combustion analyses.

(Table I), and the data show that these conversions are com 
parable in efficiency.

In view o f  the capriciousness o f  1,4 vs. 1,2 addition o f or- 
ganometallic reagents14 to unsaturated carbonyl compounds, 
the consistency o f  our results provides a useful route to sub
stituted, conjugated enones.

Experimental Section
2-[ (Dimethylamino)methylene]cyclopentanone (8). To 8.4 g 

(0.1 mol) of cyclopentanone was added 11.9 g (0.1 mol) of N,N-d\- 
methylformamide dimethyl acetal and the mixture was refluxed under 
nitrogen at 110 °C for 12 h. The resulting mixture was stripped of 
methanol and distilled in a Kugelrohr apparatus at 90 °C/30 |im to 
afford 12.2 g (88%) of the title compound as an amber oil which was 
used without further purification [n26D 1.5795; Uco 1685 cm-1; NMR 
(CDC13, Me4Si) S 1.5-3.0 (m, 6 H, cyclopentanone ring protons), 3.08 
(s, 6 H, N(CH3)2), 7.1 (t, J = 0.75 Hz, = C H ; M+ m/e 139).

2-Pentylidenecyclopentanone (15). To 11.12 g of 8 in 350 mL of 
tetrahydrofuran at —30 °C (N2) was added 57.2 mL (1.1 equiv) of 1.6

M n-butyllithium reagent, dropwise over 30 min. The reaction mix
ture was stirred to room temperature over 2 h. The excess n -butyl- 
lithium was destroyed with water (5.0 mL) and the solvent was re
moved in vacuo. The oily residue was treated with 100 mL of water 
and extracted five times with 100-mL portions of ether. The ether was 
washed with water, dried (MgS04), and evaporated in vacuo (40 °C 
(10 mm)) to give 9.4 g (75%) of the title compound 15: bp 100-102 °C 
(8 mm); n26D 1.4756, lit.7c n2oD 1.4743; ¡Jc0 = 1660,1730 cm“ 1 (lit.9 
1653, 1709 cm "1); NMR (CDC13, Me4Si) 5 0.50-1.33 (m, 15 H),
6.30-6.73 (m, 1 H, vinyl). Anal. Calcd: 78.95; H, 10.53. Found: C, 78.73; 
H, 10.49.

2-Pentyl-2-cyclopenten-l-one (25). To 1.0 g of 15 dissolved in
10.0 mL of n -butyl alcohol was added 2.0 mL of 12 N hydrochloric acid 
and the mixture was stirred at 100 °C for 1 h.9 The mixture was poured 
into water and extracted with ether. The ether solution was dried over 
anhydrous magnesium sulfate and stripped to give 0.8 g (80%) of 25 
as a mobile, colorless, fragrant liquid whose obtention comprises a 
synthesis of dihydrojasmone10 (26): n26n 1.4687; uco 1715,1638; NMR 
(CDCI3, Me4Si) d 0.33-3.00 (m, 15 H), 7.26-7.5 (m, 1 H, vinyl). Anal. 
Calcd: C, 78.90; H, 10.59. Found: C, 78.65; H, 10.44.
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Scheme II. A Total Synthesis o f  Perillaketone

perillaketone (30)

trans-3-[3-(Dimethylamino)acryloyl]furan (28). A mixture 
of 3.30 g (0.03 mol) of 3-acetylfuran (27) and 25.0 mL of N,N-di- 
methylformamide dimethyl acetal was heated under reflux for 12 h. 
The mixture was evaporated in vacuo and the residue was crystallized 
under pentane. Recrystallization from diisopropyl ether/dichloro- 
methane gave 2.9 g (59%) of trarcs-3-[3-(dimethylamino)acryloyl]- 
furan (28): mp 103-105 °C; NMR (CDC13, Me4Si) 5 2.95 (s, 6 H, 
N(CH3)2), 5.42 (d, 1 H), 7.68 (d, 1 H, J = 13.5 Hz, trans-vinyl), 6.68,
7.41,8.0 (m, 3 H, furan). Anal. Calcd: C, 65.44; H, 6.71; N, 8.48. Found: 
C, 65.55; H, 6.42; N, 8.63.

trans-3-Furyl 3-Methyl-1-butenyl Ketone (29). To 1.65 g (0.01 
mol) of the trans-enamino ketone (28) in 100 mL of dry (Linde 4A 
Sieves) tetrahydrofuran under nitrogen was added 5.5 mL of 1.85 M 
isopropyllithium reagent in pentane. After stirring at -3 0  °C for 0.5 
h, the solution was stirred to room temperature and 5.0 mL of water 
was added. The solution was stripped dry, and the residue was ex
tracted with dichloromethane. The organic layer was washed with 
saturated sodium chloride solution, dried (MgS04), and evaporated 
in vacuo to give an oil which was purified by chromatography (325 g 
of silica gel, gradient elution with dichloromethane and ethyl ace- 
tate/dichloromethane) to give 0.6 g (37%) of the trans-a,/J-unsaturated 
ketone (29): NMR (CDCI3, Me4Si) 6 1.13 [d, 6 H, J = 6.2 Hz, (CH3)2C], 
2.55 (m, 1 H, CH(C)(C)), 6.4 (d, 1 H, J = 14 Hz, trans-vinyl), 7.0 (m, 
1 H, vinyl), 7.0 (m, 1 H, vinyl), 8.0,7.4,6.8 (m, 3 H, furan). Anal. Calcd: 
C, 73.15; H, 7.37. Found: C, 73.41; H, 7.14.

Synthesis of Perillaketone (30). To a solution of 0.6 g of 29 in 100 
mL of ethanol was added 60 mg of 5% palladium on carbon and the 
mixture was hydrogenated for 1 h. The solution was filtered through 
celite and evaporated in vacuo to give 0.4 g (66%) of perillaketone (30) 
identical with authentic material: NMR (CDCI3 , Me4Si) 5 2.71 (t, 2
H, J = 8 Hz, -COCHa-), 0.7-2 (m, 7 H, aliphatic), 6.7-8.1 (m, 3 H, 
furan).

2-Phenyl-trans-2-heptenal (32). To 3.5 g of AgA'-dimethyla- 
tropaldehyde (31)12 was added 150 mL of dry tetrahydrofuran (Linde 
4A Sieves) and the solution was cooled to —30 °C. Under nitrogen was 
added 9.0 mL of 2.4 M n-BuLi reagent in 2 min and the reaction 
mixture was stirred to room temperature over 2 h. To the solution was 
added 100 mL of 1 N HC1 followed by 500 mL of ether. The ether 
extract was dried (magnesium sulfate) and removed in vacuo to give
I. 3 g (35%) of 32 as an amber oil. The analytical sample was obtained 
by column chromatography over 45 g of silica gel (Woelm Act. 1) using

Scheme III

dichloromethane as the eluant: NMR (CDCI3, Me4Si) '<> 0.6-1.65 (m,
7 H, CH3(CH2)2), 2.33 (q, 2 H, J = 8 Hz, -CH 2C = C -), 6.67 (t, 1 H, J 
= 8 Hz, -C H =C <), 6.85-7.5 (m, 5 H, aromatic), 9.50 (s, 1 H, C H =0); 
M+ m/e 188; n25D 1-5247.
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In conjunction with studies of the alkaloid slaframine1 we 
undertook a search for routes to A2 derivatives of 1-oxooc- 
tahydroindolizines. The cycloaddition of ethyl propiolate to 
ethyl pipecolate (1) was formally attractive for this purpose 
although an earlier attempt by Winterfeldt and Dillinger to 
effect a similar condensation of dimethyl acetylenedicar- 
boxylate with methyl ethylaminoacetate had met with failure, 
only an uncyclized Michael adduct being obtained.2-3 Nev
ertheless, we were encouraged by molecular model studies 
which suggested that the geometry of the zwitterionic inter
mediate resulting from addition of 1 to the acetylenic ester 
would be particularly conducive to annelation.

Treatment of ethyl pipecolate with ethyl propiolate in re
fluxing ethanol gave Michael adduct 2 in yield >90%. Exam
ination of the NMR spectrum of the crude reaction mixture 
revealed no more than a trace of a signal that might represent 
the vinyl proton of the desired 1-oxohexahydroindolizine 3 
but when the reaction was repeated in hexane at ambient

Q022-3263/78/1943-425Q$01,0Q/Q © 1978 American Chemical Society
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Scheme I

0
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temperature, the NMR spectrum showed, in addition to 2, a 
substantial amount of a second product having a vinyl proton 
singlet at 6.75 ppm. Integration indicated the molar ratio of 
2 and the new compound in the product mixture to be 63:37. 
When refuxing hexane (~70 °C) was employed as the solvent, 
the latter compound represented 54% of the product mixture; 
with refluxing heptane (~100 °C) it reached 74%. GLC showed 
only the two products being formed and these compounds 
were separated by preparative GLC although substantial 
losses, particularly of 3, were experienced during the process 
due to air-oxidation and thermal degradation. The new 
compound was identified as 3 on the basis of spectral data and 
elemental analyses. Compounds 2 and 3 are both formed by 
pathways which are irreversible under the reaction conditions, 
the relative yields being independent of reaction times. 
Moreover, 2 when resubmitted to refluxing heptane was not 
converted into 3, proving that it is not a precursor of 3 in the 
condensation reaction.

Attack of ethyl propiolate on ethyl pipecolate probably 
occurs axially to give cis zwitterion 4a having the two sub
stituents on the same face of the piperidine ring, although 
trans zwitterion 4b arising by equatorial attack would also be 
capable of cyclization. In ethanol, proton transfer from solvent 
intercepts 4 before intramolecular acylation can occur but in 
hydrocarbon solvents, where the zwitterion is the only source 
of protons, acylation competes effectively with inter- and in
tramolecular proton transfer.

The structure of the zwitterionic intermediate appears to 
be crucial to this annelation reaction. Only Michael adduct 
5 was obtained from the condensation of ethyl propiolate with 
the ethyl ester of proline, probably because eclipsing inter
actions hinder cis attack of ethyl propiolate on the proline 
ester. Trans zwitterion 6, which forms instead, is structurally 
incapable of cyclization and consequently undergoes a proton 
transfer to give 5. Cyclization is unlikely with zwitterionic 
intermediates which are conformationally mobile. Although 
the condensation of methyl ethylaminoacetate with dimethyl 
acetylenedicarboxylate was carried out by Winterfeldt and 
Dillinger in tert-butyl alcohol which precluded cyclization, 
we have obtained a similar result from the condensation of 
ethyl methylaminoacetate with ethyl propiolate in refluxing

6

® o r 0 E t
Hr° 0 RS° R  S r

C H :

0

>
O 8 ,  R  =  C 0 2E t ;  R '  =  H

7
9 ,  R  =  H ; R '  =  C 0 2E t

heptane. The latter reaction gave predominantly Michael 
adduct 7; a trace of a second component, possibly pyrrole 8 or 
9, was obtained but the compound was unstable and was not 
fully characterized.

Experimental Section
NMR spectra were obtained with a JEOL MH-100 100 MHz 

spectrometer operating in the external lock mode. Spectra were ob
tained in dilute solution in CDC13 or CCI4. Mass spectra (70 eV) were 
obtained with an LKB-9000 spectrometer using the direct inlet. El
emental analyses were performed by Galbraith Laboratories, Inc., 
Knoxville, Tenn.

Condensations of Ethyl Propiolate with Esters of Amino Acids. 
Ethyl Pipecolate. A solution of ethyl propiolate (0.4 g, 4.1 mmol) in 
2 mL of heptane was added dropwise to 0.64 g (4.1 mmol) of ethyl 
pipecolate in refluxing heptane (10 mL) under N2. After 15 min, a 
sample was removed and added to CDC13; the NMR spectrum showed 
the reaction was essentially complete and had given a 24:76 mixture 
of 2 and 3. Heptane was removed under a stream of N2 and the residue 
was partitioned by GLC on a column of 3% OV-17 (Chromosorb W) 
at 240 °C. Compound 3, ethyl l-oxo-l,5,6,7,8,8a-hexahydroindoliz- 
ine-2-carboxylate, eluted first: NMR 5 1.3 (t) and 4.3 (q, C2H5), 6.75 
(s, not exchangeable with D2O, 3-CH), the remaining protons ap
peared in unresolved multiplets at 3.9, 2.7, and 2.0-1.6; MS m/e 209 
(parent), 163,135,107. The compound was sensitive to oxygen and 
had to be stored under N2 at -10 °C.

Anal. Calcd for C11H15NO3: C, 63.16; H, 7.18,; N, 6.70. Found: C, 
62.93; H, 7.11; N, 6.63.

Compound 2 was retained 35% longer than 3: NMR 5 1.3 (2 X t) and
4.3 (2 X q, 2 X C2H5), 4.61 (d, J = 13 Hz, -CH=CHCO-), 7.68 (d, J 
= 13 Hz, -CH=CHCO-), the remaining protons appeared in unre
solved multiplets at 3.18, 2.22, 2.12, and 1.9-1.5 (the proton at 4.61 
underwent exchange (f i/2 ~  20 min) with D20; the doublet at 7.68 
collapsed simultaneously to a singlet.); MS m/e 255 (parent). The 
compound was sensitive to oxygen and was stored under N2 at -10 
°C.

Anal. Calcd for C13H21NO4: C, 61.18; H, 8.24; N, 5.49. Found: C, 
61.31; H, 8.12; N, 5.44.

Proline Ethyl Ester. Similar treatment of the ethyl ester of proline 
gave exclusively Michael adduct 5: NMR 5 1.25 (2  X  t) and 4.15 (2  X 
q, 2 X C2H6), 4.61 (d, J = 13 Hz, -CH=CHCO-), 7 .65  (d, J = 13 Hz, 
-CH—CHCO-), the remaining protons appeared in unresolved 
multiplets at 3 .7 -3 .2  and 2 .3 -1 .8; MS m/e 241 (parent). The com
pound was air sensitive.

Anal. Calcd for C12H19NO4: C, 59.75; H, 7.88. Found: C, 59.49; H,
7.80.

Ethyl Methylaminoacetate. Similar treatment of the ethyl ester 
of methylaminoacetic acid gave 90% of Michael adduct 7: NMR ò 1.27 
(2 X t) and 4.19 (2 X q, 2 X C2Hs), 2.96 (s, NCH3), 3.89 (s, CH2), 4.64 
(d, J = 13 Hz, -CH=CHCO-), 7.43 (d, J = 13 Hz, -CH=CHCO-); 
MS m/e 215 (parent).

Anal. Calcd for C10H17NO4: C, 55.81; H, 7.91. Found: C, 55.62; H,
7.81.

A more volatile component was obtained from the reaction in very 
low yield and is provisionally assigned as cycloadduct 8 or 9: NMR 
S 1.3 (t) and 4.3 (q, C2H5), 3.6 (s, NCH3), 6.2 (d) and 6.9 (d, ring CH’s, 
J -  2.8 Hz); MS m/e 169 (parent). The compound was highly air 
sensitive and was not characterized further.
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C o m m u n i c a t i o n s

Vinyl Phenyl Selenide: A +CH=CH Synthon1

Summary: Vinyl phenyl selenide (1) may be utilized as a 
+CH=CH~ synthon by reaction with alkyllithiums, trapping 
of the resulting a-lithioalkyl phenyl selenides 2 with electro
philes to give 3, and oxidative elimination of phenylselenenic 
acid to produce the disubstituted alkenes 4.

Sir: The use of a variety of synthons for the formation of new 
carbon to carbon bonds is a well-established strategy in syn
thetic organic chemistry. In this communication we wish to 
report the use of vinyl phenyl selenide (1) as a +CH=CH~ 
synthon (Scheme I).2

Scheme I
Li
1 E

ChL=CHSePh —
1

■ RCPLCHSePh
1

— -  RCHCHSePh
1 2 3

III [0]J

+ X H
4

The addition of alkyllithiums to a number of vinyl deriva
tives of second-row elements in their lower oxidation states 
has been reported.3 We felt that such additions to vinyl phenyl 
selenides would be particularly useful for the following rea
sons: (1) the ability of a phenylseleno group to stabilize an 
adjacent carbanion and the reaction of these carbanions with 
a variety of electrophiles has been demonstrated;4 (2) subse
quent to performing its function, the phenylseleno group may 
be easily removed via oxidative elimination of phenylselenenic 
acid to generate alkenes, often regio- and stereospecifically;5 
and (3) the requisite vinyl phenyl selenides are readily avail
able.6

Although vinyl phenyl selenide (1) is unreactive toward 
both n-BuiCuLi and n-BuMgBr, alkyllithiums readily add 
to 17 in dimethoxymethane or diethyl ether at 0 °C to give the 
a-lithioalkyl phenyl selenides 2, which may be trapped by 
electrophiles to give the substituted alkyl phenyl selenides 3; 
oxidative elimination of phenylselenenic acid for instances 
in which the regiospecificity is unambiguous (e.g., E = > C = 0  
or >COH) leads to the formation of the £ -disubstituted al
kenes 4 in good overall yield (Table I).8

Since the reaction of alkyllithiums with 1 can also lead to 
a-deprotonation9 or carbon-selenium bond cleavage,10 the 
proper choice of reaction conditions is essential for the success 
of the desired addition reaction (Scheme II). In particular,

Table I. Alkyllithium  A dd ition -E lectroph ile  T rapping w ith Vinyl Phenyl Selenide®

% yield
entry RLi electrophile E 3 4

a n-BuLi DaO D - 97
b n-BuLi CH3Ih CH3- 95
c n-BuLi n-C ioH ijBr6 n-CioH2x- 80
d n-BuLi PhSeBr PhSe- 84 c
e rc-BuLi (CH3)3SiCl (CH3)3S i- 90 d
f n-BuLi PhCHO PhCH (O H )- 71 75h
g n-BuLi CH3COCH3 (CH3)2C(O H )- 60 83 h
h n-BuLi PhCOCHa PhC(CH3)(O H )- e 50f’h
i rc-BuLi PhCN PhCO- e,g 61 t’h
j ¿-PrLi d 2o D - 92
k ¿-PrLi CH3COCH3 (CH3)2C (O H )- 72 8 lh
1 ¿-PrLi (CH3)3SiCl (CH3)3S i- 86 d
m t-BuLi D2O D - 85

° Yields refer to isolated, purified products. See ref 8. All reactions utilize 1.2 equiv of alkyllithium and 1.2- 1.5 equiv o f electrophile 
(except D 20  quenches). Reactions with n-BuLi were run in dimethoxymethane; reactions with ¿-PrLi and i-BuLi were run in diethyl
ether. b 1 equiv of HMPA was added with the electrophile. c Bis (phenylseleno) acetals may be hydrolyzed to the corresponding al
dehydes; thus, 1 is also a +CH2CHO synthon. d Oxidation o f (a-trimethylsilyl)alkyl phenyl selenides affords the corresponding aldehydes:
K. Sachdev and H. S. Sachdev, Tetrahedron Lett., 4223 (1976). e Intermediate not isolated, f Overall yield from 1. g Hydrolyzed with 
5% HC1 (75 °C, 15 min) prior to oxidation-elimination. h Only the E isomer was produced.

0022-3263/78/1943-4252$01.00/0 © 1978 American Chemical Societv



Communications J. Org. Chem., Vol. 43, No. 21,1978 4253

Table II. Solvent-Temperature Effects for the Reaction 
of n-BuLi with 1°

solvent temp, °C 3a
% products6 

5° 6

(CH30 ) 2CH2 0 97 3 0
Et20 0 90 10 0
Et20 -7 8 55 15d 0
THF 0 70 20 10
THF -7 8 5 15 80

a All reactions were 0.1 M  in 1 and utilized 1.2 equiv of rc-BuLi; 
after 1 h the reactions were quenched with excess D 20 . 6 Deter
mined by VPC on 5 ft X '/4 in. 1.5% OV 101 on 100/120 Chromo- 
sorb G column. In all cases, mass balance was >80% .0 Deuterium 
incorporation verified by NMR. d Amount o f 5 estimated by 
NMR; unreacted 1 accounted for the remainder of the mass.

Scheme II 
D

1 .  n - B u L i  1
CH =CHSePh ------------► n - BuCH2CHSePh

2. D , 0
1 3a

D

I
+ CHr=CSePh +  n-BuSeR

5 6a, R = C6H5
b, R = C ,H 3

solvent and temperature effects are crucial, with dimethox- 
ymethane or diethyl ether at 0 °C providing the best results 
in preliminary studies involving the addition of n-BuLi to 1 
followed by quenching with D20  (Table II). Related solvent 
effects have been previously observed for the reaction of al- 
kyllithiums with alkenes, and, although complex, may be re
lated to the state of aggregation of the alkyllithium re
agent.11

We are currently investigating the use of vinyl phenyl 
selenides as synthons in a number of other reactions; these 
results will be reported in due course.
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Template Synthesis of Macromolecules. Selective 
Functionalization of an Organic Polymer

Summary: Hydrolysis of a copolymer of divinylbenzene and 
bis(vinylbenzyl) trans-1,2-cyclobutanedicarboxylate liberates 
polymer-bound benzyl alcohol groups; rebinding studies and 
chemical transformations of the benzyl alcohol groups suggest 
that the functional groups are capable of retaining some ste
reochemical information originally present in the cyclobutane 
diester.

Sir: The ability to selectively introduce organic functionality 
in fixed geometrical relationships has remained a longstanding 
challenge to chemists. A variety of ingenious approaches have 
been employed to accomplish this goal.1 A technique recently 
developed by Wulff and co-workers2 strikes us as having the
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Scheme I

©l

Scheme II

potential to be one of the more general methods for the con
trolled introduction of multiple organic functionality in or
ganic polymers. The technique, which we term the template 
synthesis method, is illustrated in Scheme I. A template as
sembly (1), synthesized from three difunctional subunits (step 
1), is copolymerized with a large excess of cross-linking 
monomer (step 2). Polymerization results in the formation 
of a three-dimensional polymeric matrix interspaced by an 
occasional template assembly (2). Hydrolysis of accessible 
template assemblies (step 3) liberates the incipient func
tionality to produce regions of multiple functionality on the 
macromolecule (3). Provided that the hydrolysis (step 3) does 
not introduce gross structural deformations in the macro
molecule, the hydrolyzed polymer can exhibit a “memory” for 
the original template molecule (T).

We wish to describe a sequence of experiments that employs 
the template synthesis method to introduce masked organic 
functionality in a macromolecular solid. Conditions have been 
developed that permit the liberation of these functional 
groups and in subsequent reactions this functionality is uti
lized to covalently bind an organic substrate molecule to the 
macromolecular solid. Further chemical transformations on 
the covalently bound substrate molecule provide an oppor
tunity to probe the local environment of the functionality. The 
overall series of reactions is illustrated in Scheme L.

Bis(vinylbenzyl) irans-l,2-cyclobutanedicarboxylate (5), 
prepared from the dipotassium salt of trans-1,2-cyclobuta- 
nedicarboxylic acid and vinylbenzyl chloride (mixture of meta 
and para isomers), is copolymerized under free-radical con
ditions with divinylbenzene (technical, 55% para, meta iso
mers) in acetonitrile (0.05:0.49:0.46, w/w/w)3. The resulting 
solid (6) is crushed and sized (75-250 /¿m), extracted with

CH3OH (to remove unreacted monomer), and dried in vacuo. 
The IR of this polymer exhibits the expected superimposition 
of the spectra of the diester ?c=o 1736 cm-1) over that of 
poly (divinylbenzene). A variety of conditions were examined 
to effect the hydrolysis of dicarboxylic acid (4) from the 
polymer; optimum yields were obtained by refluxing in 
methanol-HCl (1:1) under a nitrogen atmosphere. After 8 h 
approximately 30% of the total template assemblies had un
dergone hydrolysis. Prolonged exposure to the reaction con
ditions did not appreciably increase this yield. The hydrolyzed 
polymer (7) contains 0.064 mequiv of sites/g; each site contains 
two polymer-bound benzyl alcohol groups. The presence of 
these functional groups is verified by treatment of 7 with tri- 
fluoroacetic anhydride; the resulting polymer exhibits a new 
IR absorption at 1788 cm-1 (trifluoromethylacetate group); 
control reactions with unhydrolyzed polymer did not produce 
this new absorption.4

Reaction of hydrolyzed polymer with difunctional reagents 
of similar geometry to the original template molecule can lead 
to two-point rebinding. Treatment of 7 with fumaryl chloride 
results in covalent attachment of the fumarate group to the 
polymer. The rebinding occurs by formation of new ester 
linkages between the polymer and the fumarate group. This 
rebinding can be monitored by examining the change in in
tensity in the carbonyl region of the polymer before and after 
exposure to fumaryl chloride. The individual carbonyl ab
sorptions of polymer-bound fumaric and cyclobutanedicar- 
boxylic acid esters are not resolved; nevertheless, upon 
treatment of 7 with fumaryl chloride the expected increase 
in carbonyl intensity is observed. That fumaric acid is cova
lently bound to the polymer is established by the finding that 
the acid can only be liberated by a second hydrolysis
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(CH3OH-HCl); the quantity of fumaric acid recovered indi
cates that 80% of the available sites in 7 have covalently bound 
the new template molecule.5

The sequence of transformations serves to illustrate severed 
important points. The fractional recovery of template mole
cules (30%), even after prolonged hydrolysis, establishes that 
a significant number of template assemblies occupy inac
cessible regions of the polymer. Unlike Merrifield polymers 
which, at least in their swollen state, undergo reaction 
throughout the polymer network,6 hydrolysis occurs largely 
in the region that may be loosely defined as the surface of a 
solid polymer particle. This finding is undoubtedly a conse
quence of the higher degree of cross-linking in poly(divinyl- 
benzene). Second, the uptake of fumaryl chloride is approxi
mately equal to the theoretical number of difunctional sites 
and suggests that, at least in a significant number of cases, 
rebinding can occur in a manner similar to that which was 
found in the original polymer (two site).

The region in which the hydrolysis and rebinding occur is 
rather poorly defined. The area is at the interface between 
solvent phase and the highly cross-linked “ nucleus” of the 
solid poly(divinylbenzene). Located in this region are pendant 
polymer and vinyl groups, template assemblies, rebinding 
sites, and more lightly cross-linked segments of the polymer.7 
If the hydrolyzed polymer is to exhibit a “ memory” for the 
template molecule (T), the template assembly must “ imprint” 
stereochemical information at the polymerization stage. Our 
first test for this “ memory” is illustrated in Scheme II. The 
sequence involves at the penultimate step a methylene 
transfer to a prochiral alkene (fumaric acid) covalently bound 
to the macromolecule. When racemic template (5) is used for 
the polymer synthesis, racemic cyclopropanedicarboxylic acid 
would be the product from the methylenation step; however, 
when a chiral template is used for the polymer synthesis the 
“memory” can take the form of local asymmetry in the region 
of the functional groups; this asymmetry may induce forma
tion of a chiral product in the methylenation step. The poly
mer-bound fumaric ester (8) was reacted with methylene 
transfer reagents to form 1,2-cyclopropanedicarboxylic acid 
ester (9). This transformation was successfully executed using 
(dimethylamino)phenyloxosulfonium methylide as the 
nucleophilic methylene transfer reagent.8 Synthetic cyclo
propanedicarboxylic acid is liberated by hydrolysis in 34% 
overall yield based upon available sites of the hydrolyzed 
polymer (7).

The preceding sequence was repeated using (-)-trans-
1,2-cyclobutanedicarboxylic acid ( [ « ] 25d  -158.7° (CH3OH)) 
as the template.9 After hydrolysis, rebinding of fumaryl 
chloride, cyclopropanation, and hydrolysis, trans- 1,2-cyclo
propanedicarboxylic acid was recovered as the dimethyl ester 
by preparative VPC. The diester exhibited a specific rotation, 
[«]21d 0.1°, which corresponds to a 0.05% enantiomeric ex
cess.10 The slight enantiomeric excess arises in the methylene 
transfer step and is the result of a chiral environment (of some 
unspecified nature) surrounding the reaction zone. Consid
ering the severity of the hydrolysis conditions, the observed 
asymmetric induction is encouraging. Work is continuing in 
an effort to understand those factors which will influence the 
magnitude of asymmetric induction and to define the degree 
of stereochemical control available by the template synthesis 
approach.
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Lithiation of Ethyl 2,4,6-TriisopropyIbenzoate 
Adjacent to Oxygen: The a-Lithioalkyl 
Alcohol Synthon

Summary: Metalation of ethyl 2,4,6-triisopropylbenzoate
(1) with sec-butyllithium/tetramethylethylenediamine in 
tetrahydrofuran provides a-lithioethyl 2,4,6-triisopropyl
benzoate (2). Reaction of 2 with carbonyl and halice electro
philes provides the expected products 3a-g. Reduction of 
typical products with lithium aluminum hydride gives the 
corresponding alcohols. Overall this sequence provides the 
a-lithioalkyl alcohol synthon from a primary alcohol.

Sir: The formation and use of a-heteroatom carbanions has 
been widely explored and exploited in recent years. In con
junction with our studies of prospectively dipole-stabilized 
carbanions, we have reported metalations adjacent to the 
heteroatom of methyl 2,4,6-triisopropylbenzoate, methyl and 
ethyl 2,4,6-trialkylthiobenzoates, and methyl- and ethyl-
2,4,6-triisopropylbenzamides.1'2 The metalations of the ester 
and thioesters have been shown to be key steps in providing 
the n-lithiomethyl alcohol and the a-lithiomethyl and a-li
thioethyl thiol synthons, respectively. More recently Seebach 
et al. have observed similar metalations of 2,4,6-trialkylben- 
zoate derivatives and also have shown that dimethyltri- 
phenylacetamide provides the (a-lithiomethyl)alkylamine 
synthon.3 We now wish to report that ethyl 2,4,6-triisopro
pylbenzoate can be metalated adjacent to oxygen and to 
suggest that this approach will provide a-lithioalkyl alcohol 
synthons for the corresponding primary alcohols.

Reaction of ethyl 2,4,6-triisopropylbenzoate (1) with 2-4 
equiv of sec-butyllithium/tetramethylethylenediamine (s- 
BuLi/TMEDA) in tetrahydrofuran (THF) at —78 °C for 3-6
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Scheme I

ArCOîCH^Ha
1

Ar = 2,4,6- 
triisopropyl- 
phenyl

s -B u L i/T M E D A  '''<  y
ô  ̂ Art i 

T H F , - 7 8  C \  |

O— chch3 
2

e le c tro p h ile  d
---------------- ► ArC "•

\  I
O—  CHCHa 

3
a, R = HOC(CH3)2 41% (64%)
b, R = HOC(CH2)5 31% (50%)
c, R = CH2CH=CH2 42% (79%)
d, R = Si(CH3)3 64% (94%)
e, R = Sn(C4H,)3 53% (85%)
f, R = HOC(CD3)2
g , R = D

Scheme II

OH OH

(CH3)2C = 0  1:L" 2 > (CH3)2C— CHCHa 38%
2. L iA lH ,

OH

CH;/CH2)J > CH:/CH2)4CHCH3 38%

h gives 2, which can be trapped by addition of acetone, cy
clohexanone, allyl bromide, trimethylsilyl chloride, and tri- 
n-butyltin chloride to give the expected products, 3a-e, in the 
purified (and crude) yields indicated in Scheme I.5 When 
hexadeuterioacetone is used as the electrophile and the 
composition of the products determined by NMR, the product 
3f is obtained in 67% yield, while the ethyl ester is observed 
to be 58% deuterated material, 3g. This result, as well as the 
85% crude yield of 3e, suggests that metalation is satisfactorily 
complete under these conditions and that the relatively low 
yields obtained with the ketones are due to competing enoli- 
zations.

On a preparative scale the metalation can be a key step in 
the preparation of the a-lithioethyl alcohol synthon. Thus 
formation of 2 from 1 on a several gram scale, followed by 
addition of hexamethylphosphoric triamide (HMPA) just 
prior to addition of the electrophile followed by reduction with 
lithium aluminum hydride in THF or dimethoxyethane, yields 
the substituted alcohols as shown in Scheme II. The isolated 
yields are based on 1.

It is reasonable that corresponding a-lithio derivatives of 
other primary alcohols will he available by metalation of the 
esters of 2,4,6-trisubstituted benzoates or closely related 
compounds.6 For some situations the presence of excess s- 
BuLi/TMEDA or unmetalated ester may be inconvenient. In 
that case the tin compound 3d can be reacted with methylli- 
thium to provide 2 in high yields; subsequent additions of 
deuteriomethanol, methyl iodide, and methyl benzoate give 
the expected products in 80-100% crude yield. An imaginative 
alternative route to a-lithioalkyl alcohol synthons by 
stannylation of the corresponding aldehydes has recently been 
reported by Still.7

Activation by the benzoate carbonyl has now been shown 
to facilitate direct metalative preparation of primary and 
secondary organolithiums adjacent to oxygen, sulfur, and 
nitrogen.1”3 While such organometallics can be considered 
dipole-stabilized carbanions, further information on that 
point, as well as development of the synthetic potential of 
these species, is being studied.

Procedure. To a solution of 1:1 s-BuLi/TMEDA (25.3 
mmol) in THF stirring at -7 8  °C under nitrogen was added 
a solution of 3.98 g (14.4 mmol) of ethyl 2,4,6-triisopropyl- 
benzoate (1) in THF. After the reaction mixture was allowed 
to stir at -7 8  °C for 6 h, 4 mL of HMPA was added, followed 
by 20 mL of 1-iodopentane. The reaction mixture was allowed 
to stir at -78  °C for 20 min, and then allowed to warm to room 
temperature. Ether was added and the organic phase was 
washed with aqueous saturated NH4CI, concentrated, dis
solved in ether, and washed with aqueous 10% HC1 and 10% 
NaOH. The organic layer was dried (CaS04) and concentrated 
under vacuum to give 4.8 g of a clear, orange oil. This material 
and 5.0 g (0.13 mol) of LiAlH4 in 75 mL of dimethoxyethane 
(DME) were heated at reflux for 2.5 h. The heterogeneous 
reaction mixture was cooled to room temperature and treated 
with a minimal amount of H2O. The insoluble salts were re
moved by filtration and washed with ether. The filtrates were 
combined, dried (MgS04), and concentrated under vacuum 
to give a clear, yellow oil which was distilled at atmospheric 
pressure to afford 0.64 g (5.51 mmol, 38%) of 2-heptanol.
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Photochemical Transformations of Chalcone Oxides

Summary: Close examination of the photobehavior of several 
chalcone oxides has demonstrated that aryl ring substituents 
control whether the C„--0 or C„-C3 bond of the oxirane ring 
will be cleaved.

Sir: Photochemical rearrangements of a,/1-epoxy ketones have 
received extensive study and have been the subject of several 
reviews.1-4 These compounds generally display two types of 
photobehavior: (a) photoisomerization of arylcyclopentenone 
oxides to pyrylium oxides,5’6 and (b) photoisomerization of 
« ,/1-epoxy ketones to Ô-diketones.8”10 Although much data 
have been accumulated to show that Ca- 0  bond cleavage is 
the predominant mode of photofragmentation in a,/1-epoxy 
ketones, Muzart and Pète11 have demonstrated that cleavage 
of the oxirane Ca-Cp bond also can occur in certain optically 
active derivatives. Interestingly, epoxynaphthoquinones have 
been shown to undergo two types of photocycloaddition re
actions with olefins arising either from n,7r* excited-state 
addition of the carbonyl group to form oxetanes, or from C-C 
bond fission of the oxirane ring followed by 1,3-dipolar addi

092^-3263/78/1943-4256^01.00/0 © 1978 American Chemical Society



Communications J. Org. Chem., Vol. 43, No. 21,1978 4257

tion to the olefin forming substituted tetrahydrofurans.12 
Because of our interest in the photochemical generation of 
.carbonyl ylides from aryloxiranes13’14 we have reexamined the 
photobehavior of chalcone oxides8’15 to see if carbonyl ylides 
might also be intermediates in rearrangements of these 
compounds.

Irradiation16 of trans- chalcone oxide (1) in acetonitrile with 
313-nm radiation led to the formation of dibenzoylmethane
(2) as the major product (4? = 0.019) accompanied by an un

identified isomer17 (4> = 0.009). The formation of 2 from 1 was 
first described by Bodforss in 1918s and is assumed to arise 
from cleavage of the Ca- 0  bond of the oxirane followed by a
1,2 shift of the /3-hydrogen to the a position.10

However, irradiation of 1 in the presence of a sixfold excess 
of methyl acrylate, an efficient dipolarophile,13’18’19 led to the 
formation of substituted tetrahydrofuran adducts, 3,17b’20 in

addition to dibenzoylmethane. The configuration of the THF 
adducts 3 suggests that at least 83% of the intermediate car
bonyl ylide precursors were formed by a disrotatory cleavage 
of the oxirane Ca-C,; bond,21 producing the trans ylide A, 
which was subsequently trapped by methyl acrylate. These

results are consonant with Woodward and Hoffmann’s pre
dictions of disrotatory electrocyclic ring opening in four- 
electron systems,21 but the formation of adducts derived from 
the cis ylide B is an anomaly, similar to that previously ob
served by us13 and by Huisgen.140 In attempting to determine 
the nature of the excited states responsible for these rear
rangements, we have observed that the reaction is not 
quenched by 0.3 M piperylene, but is apparently sensitized 
by acetophenone (Et = 74 kcal/mol) and by xanthone (Et = 
74 kcal/mol). Under conditions where both sensitizers ab
sorbed >95% of the light, the same distribution of products 
was obtained. These data suggest that both Ca- 0  and Ca-Cp 
bond cleavages occur from a triplet excited state of 1 which 
is so short-lived that it cannot be quenched by energy transfer 
to piperylene.

Since substituents on the oxirane ring should affect the 
stability of the photogenerated carbonyl ylides,12’14b’c we have 
examined the photochemistry of the methoxy-substituted 
chalcone oxides, lb and lc. Direct irradiation of a 0.03 M so-

la , R, = R 2 = H
b, R, = OCH3 ; Rj = H
c, R , = H; R 2 = OCH3

lution of lb in acetonitrile led cleanly to the formation of a 
single product (4> = 0.024), isolated and identified as l-(4- 
methoxyphenyl)-3-phenyl-l,3-propanedione (2b).22 Irra
diation of lb with a sixfold excess of methyl acrylate decreased 
the efficiency of 2b formation ($ = 0.011), but did not lead to 
detectable amounts of adducts, similar to those observed from 
la. The quantitative mass balance obtained in both of the 
above experiments suggests that lb undergoes photoreaction 
exclusively by C„ -0  bond cleavage.

In contrast to the clean C -0  bond fragmentation obtained 
from lb, direct irradiation of 4-methoxychalcone oxide (lc) 
led to rapid formation (<P = 0.27) of 2-(4-methoxyphenyl)-
4-phenyl-l,3-dioxole24 (4) along with a small amount ($ =
0.03) of amsaldehyde. The formation of dioxole 4 can be ra
tionalized by Ca— bond fission to form the stabilized ylide 
C, which then predominantly undergoes ring closure to 4 or 
can suffer further photodegradation to form anisaldéhyde.26

lc
hv 3 1 3  n m  I C H 3C N

C02CH:j
Ar = 4-m ethoxyphenyl-

We have been unable to detect any 1,3-diketone 2b, which 
would have arisen by Ca- 0  bond cleavage. Irradiation of lc  
in acetonitrile containing a 15 molar excess of methyl acrylate 
gave a reduced yield of 4 and gave rise to the formation of THF 
adducts ($ = 0.05),27 5. Isolation and stereochemical analysis 
of 5 indicates that they primarily (>90%) derive from disro
tatory C-C oxirane ring cleavage of lc  (forming carbonyl ylide 
C), followed by 1,3-cycloaddition to methyl acrylate. Attempts 
to trap ylide C with other olefins, such as norbornene, have 
been unsuccessful. The apparent necessity of electron-defi
cient olefins to trap carbonyl ylides has been noted previ
ously5' 7’13’146 and is consistent with Houk’s suggestion that 
alkyl and conjugated carbonyl ylides should undergo HOMO 
(dipole) controlled 1,3-dipolar cycloaddition reactions.18’28 

These preliminary results illustrate the importance which 
substituents can play in controlling whether C „-0  or C,,-Cp

bond cleavage occurs from photoexcited chalcone oxides, and 
suggests a new synthetic route for preparing unstable sub
stituted dicxoles. Further work is now underway to determine 
the photochemical consequences of other substituents and of 
starting material geometry in related a,/3-epoxy ketones to 
provide a clearer and unified mechanistic understanding of 
these reactions.
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For the hydrogenation of alkylpyridines, ruthenium on 
carbon (or rhodium on carbon) is more selective than Raney 
nickel. For example, the following reaction proceeds at 
150°C in a yield of 86%.'

MaÛ. Ru/C, H2  

THF

Hx

In fact, the most active catalyst known for the reduction o f 
aromatic rings under mild conditions (minimal reduction o f 
substituents) is supported rhodium.2

The versatility o f  rhodium on alumina is demonstrated by 
the high-yield reduction o f 2-hydroxy oximes to a-hydroxy 
amines, such as that shown below.'

OH NOH 
Mc-C -C -M e H2. Rh/Al2 0 3  

99%

OH NH, 
Me-C-C-Ma 

Mc H
Similarly, zerovalent palladium, produced by the action o f 

sodium borohydride on PdCI2 in methanol,4 can be used to 
hydrogenate selectively C = C , N =N , and N = 0  bonds 
without affecting C = 0  and C =N  groups.

Recently, specifically controlled natural product syn
theses5 have been carried out using rr-allyl palladium in
termediates; the preparation o f these intermediates can be 
characterized by the general method represented below :6

cr PdCI2
CuCI2, NaCI 
Ac2 0 ,  NaOAc

glacial HOAc OCMe/
-Pd.

'Cl
86%

An interesting variety o f  precious metal salts is effective in 
isomerizations such as that shown below; these include 
[R h(C O )2CI]2,7 RhC»„ IrCI„ R u t l„  (Ph,P)2RhCl and

cat., A

- 93% O
In the above reaction, and in the following,9 a complex 
metal-hydride intermediate is postulated.

O RhClj p Me
R’-tl-CKj-R1 + HCHO(aq) CO ** R’-C-CH-R1

Catalytic activity of a different sort has been exhibited by 
the less commonly used rhodium(II) acetate dimer in the ad
dition of dimethyl diazomalonate to thiophene;10 this type of 
rhodium catalyst, listed below, frequently seems to work 
when others such as Cu2Cl2, silver acetate, or(Ph ,P)CuI fail.

In addition to salts described above, we offer many others, 
including soluble RuQ2, H2PtCl6, phosphine complexes, 
various platinum and palladium halides. Since we are con
tinually expanding our line of fine inorganic chemicals 
tailored to the needs of organic chemists, we may have 
recently added just the item you need; if you don’t see it in 
your new ’79-’80 Aldrich Catalog/Handbook, just give us a 
call. Below is a representative sampling of our precious metal 
collection for your convenience.
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19,998-2 (Ph,P),RhCl....................... Ig S15.00; 5g $63.00
20,903-1 [Rh(CO)2Cl]2........................................ 1g $42.00
20,905-8 [Rh(OACy 2.......................................... lg $44.00
20,624-5 IrCI,- 3H,0.............. lg $26.00; 5g $99.00
20,588-5 PdCI2....... 5g $35.00; 25g $129.00; 250g $795.00
20,626-1 RhCI,-3H20 ..... ............ .....lg $19.00; 5g $80.00
20,852-3 RuCl, (anh.).................... ,2g $16.50; lOg $59.00
20,583-4 Palladium black.................lg $21.50; 5g $80.00
20,568-0 Pd, 5%/charcoal...............lOg $9.00; lOOg $74.00
20,571-0 Pd, 5%/AIjO,................... lOg $9.00; lOOg $74.00
20,573-7 Lindlar catalyst................ lOg $15.00; 50g $68.00
20,591-5 Platinum black............. .....lg $26.00; 5g $100.00
20,593-1 Pt, 5%/charcoal............... lOg $16.40; 50g $59.00
20,601-6 Pt, 0.5%/A120 , pellets....25g $9.00; lOOg $27.00
20,600-8 PtS2, 5%/charcoal............ lOg $20.00; 50g $87.50
20,603-2 Pt02 (Adams’ catalyst)...... lg $22.00; 5g $82.00
20.617- 2 Rh, 0.5%/AI2O, pellets.25g $27.50; lOOg $83.00
20.616-4 Rh, 5%/charcoal...... . lOg $33.00; 50g $125.00
20.618- 0 Ru, 5%/charcoal......25g $22.50; lOOg $69.00
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